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efinition of a problem 
)proximately 1 3 to 1 5 million surgical procedures are performed m the Netherlands 
ery year [1] It has been shown for some of these surgical procedures that they are 
compamed by an increased risk (ranging from 5 to 85 percent) of developing persistent 
istsurgical pain [2,3] This pain can persist for months or even years and significantly 
fects people's quality of life [3] Currently available therapies for treating this persistent 
istsurgical pain yield only limited success [2,3,4] 
etiology of persistent postsurgical pain 
present the origin of persistent postsurgical pam is unknown, however it is postulated 
at damage of the peripheral nervous system induced by the surgical procedure is 
obably the most important cause of this pain [2] But what is meant by damage7 And is 
ere a simple relationship between damage to peripheral nerves and persistent 
»stsurgical pam? In particular regarding this last question it is important to realize that 
ily a proportion of patients develop persistent postsurgical pain' Probably the underlying 
echamsm or cause of the development of persistent postsurgical pain is more complex 
persistent postsurgical pain an extension of acute postsurgical 
ain? 
ute postsurgical pain is typically associated with increased pain sensitivity (ι e 
'peralgesia) in and surrounding the operated region [5,6,7,8] This adjustment of pain 
nsitivity might serve to force the organism to protect the affected body part so that it 
η recover Under normal conditions (ι e uncomplicated wound healing), this 
'peralgesia is temporary and progressively attenuates However, it seems to persist m 
itients with persistent postsurgical pain [9] Another interesting observation is that the 
tensity of acute postsurgical pain is positively correlated to the risk of developing 
•rsistent postsurgical pain [2,3,10] Thus, the greater the intensity of the pain 
penenced directly after surgery, the higher the risk of developing persistent pain These 
idmgs raise the questions whether persistent postsurgical pain is merely an extension of 
ute postsurgical pain and whether the mechanisms involved m acute pain are the same 
in persistent pain7 
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Outline of this dissertation 
This dissertation is organized into six chapters. Chapter 1 will start with an introduction to 
the basic concepts and neurophysiology of pain. After that, it will introduce a human 
surrogate model of postsurgical pain: the high frequency stimulation (HFS) model. This 
model produces pain without visible tissue damage and induces increased pain sensitivity. 
At the end of the first chapter the subject and aim of this dissertation are outlined and an 
introduction about the methodology used in this dissertation is given. 
Chapters 2 till 5 consist of the published or submitted studies. Chapter 6 presents the 
general discussion followed by a summary of this dissertation. Before starting reading 
chapter one and following chapters, it is useful to study the Definitions and Terms on the 
next page first. This will make the reader familiar with the terminology used in the next 
chapters. 
10 
Definitions and terms 
Pain 









Long-term potentiation (LTP) 
An unpleasant sensory and emotional experience 
associated with actual or potential tissue damage or 
described in terms of such damage [11]. 
Includes: (I) Pain that develops after a surgical 
procedure (II) Is of at least two months' duration (III) 
Other causes for the pain should be excluded and (IV) 
the possibility that the pain is the continuation of a 
pre-existing problem should be explored and 
exclusion attempted [3]. 
Increased pain sensitivity. Hyperalgesia includes both 
a decrease in threshold but also an increase in 
suprathreshold response [11]. 
An actually or potentially tissue damaging event [11]. 
A sensory receptor that is capable of transducing and 
encoding noxious stimuli [11]. 
The neural process of encoding and processing 
noxious stimuli [11]. 
Pain evoked by a non-noxious stimulus [11]. 
Increased responsiveness and reduced threshold of 
nociceptors to stimulation of their receptive fields 
[11]. 
A non-specific term referring to the ability of the 
central nervous system to change structurally and 
functionally as a result of input from the environment 
[12]. 
A change in the functional properties of a synapse as 
a result of use [13]. 
A long-lasting but not necessarily irreversible increase 
in synaptic strength. Synaptic strength is the 
magnitude of the postsynaptic potential in response 






1.1 Basic concepts 
1.1.1 The construct pain 
Although one immediately knows what is meant by the term pain, it still remains difficult 
to define. Most people would describe it as an unpleasant feeling (pricking, burning, 
aching etc.) and often associate it with tissue damage. Probably people have learnt to use 
the term pain on the basis of the experiences of tissue damage early in life. 
The International Association for the Study of Pain (IASP) proposes the following definition 
of the term pain: "An unpleasant sensory and emotional experience associated with actual 
or potential tissue damage, or described in terms of such damage" [11]. 
According to this definition pain is a subjective experience and thus can only be described 
properly by the person who is experiencing it. Such an individual experience is difficult to 
define and difficult to measure. 
1.1.2 Eliciting pain via nociceptor activation 
Pain can be initiated by nociceptor activation [15,16]. For example, if a stimulus (e.g. a 
sharp object or heat) is applied with increasing pressure or intensity to the skin it will 
evoke at some point a painful sensation. At that point the stimulus activates certain 
sensory receptors in the skin, also called nociceptors that only fire if a certain threshold is 
achieved. There are different nociceptors, for example, some only responding to 
mechanical stimuli and others only to heat [15,16]. The activity of these nociceptors is 
transmitted via nociceptive afférents. Basically, there are two different types of 
nociceptive afférents; Αδ- and C-fibers [16]. They are distinguished based on their 
physiological properties. The Αδ-fibers are thinly myelinated and have a conduction 
velocity of approximately 5-26 m/s. The C-fibers are unmyelinated and have a slower 
conduction velocity of 1 m/s. Based on the different velocity properties it is believed that 
the two different types of nociceptive afférents (Αδ and C) mediate different pain 
sensations. The thinly myelinated Αδ-fibers are thought to mediate the first, well localized, 
sharp pain and the unmyelinated C-fibers the delayed, more diffuse, dull pain [16]. 
1.1.3 From nociception to pain perception 
The two different types of nociceptive afférents terminate in different areas of the spinal 
cord [17]. The grey matter in the spinal cord is subdivided into different layers or laminae; 
l-X (also termed Rexed laminae) (figure 1). 
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Figure 1. laminar organization of the dorsal horn. A system of 10 layers, described by Rexed, to divide the grey 
matter in the spinal cord. Here only layer l-VI are shown. 
The Αδ fibers terminate mainly in lamina I and V while C-fibers terminate mainly in lamina 
I and II. The unmyelinated C-fibers can be further subdivided into two different types; 
those which contain neuropeptides (such as substance P), also termed peptidergic C-
fibers, and those which do not. Neuropeptide is a neurotransmitter used by the neuron, 
and transported via the synapse, to communicate with another neuron. Those C-fibers 
which contain neuropeptides terminate in lamina I and outer part of lamina II. Those 
which do not contain neuropeptides terminate in the central part of lamina II. 
Within the different laminae, the primary nociceptor afférents (Αδ and C-fibers) pass their 
information to secondary or projection neurons [18,19]. It should be emphasized that the 
organization of the spinal dorsal horn is more complex than described here. Interneurons 
(excitatory and inhibitory) present in the different laminae also play a role [18]. 
Lamina I projection neurons are primarily nociceptive specific, while lamina V neurons also 
receive non-nociceptive information. Therefore the latter ones are also termed wide-
dynamic range (WDR) neurons because they respond to all kinds of sensory modalities 
(nociceptive and non-nociceptive) and a broad range of stimulation intensities of the 
peripheral nerves. Both lamina I and V neurons project to discrete areas of the brainstem 
[19,20]. The lamina I neurons directly project to the medulla (caudal ventrolateral), 
nucleus of the solitary tract (NTS), lateral parabrachial area (PB), peri-aquaductal grey 
(PAG) and thalamus. The lamina V neurons project to the medial thalamus (intralaminar 
nucleus) directly and indirectly via the subnucleus reticularis dorsalis (SRD) and PB 
(bilaterally to internal nucleus). 
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An important pathway is the lamina I - parabrachial pathway because it seems to be 
involved in homeostatic adjustments such as the regulation of pain sensitivity [21,22] PB 
neurons respond almost exclusively to noxious stimulation and are exquisitely sensitive to 
the intensity of this stimulation 
The PB also receives information of the cardiovascular and respiratory afférents via the 
medulla (NTS) and projects directly to the amygdala and hypothalamus [18,19] The 
amygdala seems to play a key role m anxiety, fear, anti-nociception, evoked avoidance 
learning and autonomic adjustments that occur during dangerous or painful situations 
[20] The hypothalamus seems to be involved in aggression, rage, fight-flight responses 
and neuroendocrine functions such as blood-fluid balance and thermoregulation [20] 
Experiments in animals have shown that selective destruction of these lamina I neurons 
(expressing the NKl receptor and projecting suprapmally), prevents the full expression of 
hyperalgesia (ι e increased pain sensitivity) [23,24] Even more interesting is the 
observation that this procedure does not seem to induce alterations m the animals' 
response to acute noxious stimuli (ι e behaviorally assessed nociceptive thresholds) 
[23,24] Thus, lamina I neurons are mdispensible for regulating pain sensitivity (ι e 
development of hyperalgesia), but not crucial for producing acute pain [14,20-22] 
Although the above described pathway seems to be very important m regulating pain 
sensitivity, it is probably only one side of the story Pain sensitivity, or spinal cord 
excitability in general, can also be regulated via an anatomically 'top-down' pathway, 
originating in the brain [18,25-34] 
A variety of brain structures are activated during the processing of a noxious stimulus [35-
37], for example primary somatosensory-, secondary somatosensory-, insula-, cmgulate-
and prefrontal cortex Although the involvement of the brain in generating the pain 
sensation is undeniable, the function and contribution of each separate structure is still 
under debate [38] 
1 1 4 Function of pain and nociception 
Pain elicited after nociceptor activation can be regarded as an important physiological 
signal that alerts human beings (and animals) for eventual tissue damage and forces the 
organism to avoid or withdraw from the pain inducing stimulus [14] It is important to 
emphasize that pain is just one endpomt of nociception Increases in heart rate and blood 
pressure, sweating, and respiratory changes are also induced after nociceptor activation 
Pain perception is changed after tissue damage Compared to a normal situation, there is 
increased pain sensitivity, as response to nociceptive (and non-nociceptive) stimulation, m 
and surrounding the damaged tissue This increased pain sensitivity might serve to force 
the organism to protect the affected body part for worsening tissue damage so that it can 
recover 
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1.2 Activity-dependent plasticity of pain and nociception: the 
HFS model 
The idea of a hard-wired nervous system is hard to defend nowadays. Increasing evidence 
from the field of neuroscience shows that our nervous system is plastic; i.e. it has the 
ability to change and adapt in a use-dependent way [39]. 
1.2.1 Noxious input can change nociceptive signalling 
1.2.1.1 Synaptic plasticity in nociceptive pathways 
Within the nervous system a neuron can pass its information to another neuron via a 
synapse. To investigate this process one can use whole-cell patch-clamp recordings [40]. 
With this in vitro technique mono-synaptic electrical transmission is studied by measuring 
the post-synaptic potential in response to a single presynaptic potential. Sandkuhler et al. 
used this technique to investigate activity-dependent changes in the nociceptive system. 
They took transverse slices with long dorsal roots attached (including Αδ and C-fibers) 
from the lumbar spinal cord of animals and conducted whole-cell patch-clamp recordings 
in identified dorsal horn neurons. The authors discovered that high frequency stimulation 
(HFS)1 of the dorsal root induced a long-lasting (i.e. at least 30 minutes) enhancement of 
the postsynaptic potential at the synapse between the primary afferent C-fibres and 
superficial dorsal horn neurons [14,41,42]. This long-lasting enhancement of synaptic 
strength3 is also known as long-term potentiation (LTP) [39] a phenomenon also found in 
the hippocampus, where it is thought to be the basis of memory formation [43]. The 
observed LTP at nociceptive afférents demonstrates that nociceptive information can be 
amplified through activity-dependent synaptic changes (i.e. LTP via HFS). 
High frequency stimulation (HFS) consisted of 100 Hz for 1 sec, 3 times in a 10 sec interval, at high intensity 
HFS can be seen as a burst firing pattern of nociceptive afférents 
For these nociceptive afférents it has been shown that they can reach a discharged rate of 200 Hz, but only for 
short periods [44,45] 
Synaptic strength here is the magnitude of the postsynaptic response (ι e excitatory postsynaptic potential, 
EPSP) in response to a presynaptic action potential 
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Figure 2. The induction of LTP at nociceptive pathways Stage I corresponds to a normal condition. With patch 
clamp recordings it is possible to measure the excitatory postsynaptic current (or potential) of a lamina I 
projection neuron in response to a presynaptic action potential of a primary C-fiber afferent In stage II high 
frequency stimulation is delivered to the primary C-fiber afferent As a result, the excitatory postsynaptic 
response (triggered by a single pre synaptic action potential) is amplified (stage III) 
Another interesting discovery Sandkühler et al. made was that LTP, as a result of HFS, was 
selectively induced at synapses between C-fiber nociceptors and projection neurons, 
located in the superficial dorsal horn (lamina I), expressing the NK1 receptor for substance 
Ρ and sending a projection to the parabrachial area (PB) in the brainstem [41]. 
Anatomically there are four main ascending projections from the PB to 1) amygdala, 2) 
hypothalamus, 3) peri-aquaductal grey (PAG) and 4) ventro-lateral medulla (VLM). 
Interestingly, the first two brain areas mentioned are typically associated with affect and 
motivation [46]. 
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1.2.1.2 Replication in vivo 
Sandkühler and his team also studied the effect of HFS in vivo (in animals). To this end 
they recorded extracellular C-fiber evoked field potentials in the superficial spinal dorsal 
horn of deeply anesthetized adult rats in response to HFS of the sciatic nerve [47]. As 
expected the authors observed increased C-fiber evoked potentials after HFS. 
Some years later, another group demonstrated that HFS also leads to long-lasting 
hyperalgesia in freely moving rodents [48]. 
1.2.2 Noxious input can change brain activity 
High frequency stimulation of peripheral C-fibers also change brain activity. Yang et al. 
[49] demonstrated that the evoked field potential measured in the anterior cingulate 
cortex (ACC) was potentiated after HFS of the sciatic nerve of animals. Later, the group of 
Hjörnevik et al. [50] investigated the localized metabolic brain response after HFS of the 
sciatic nerve also in animals. The authors measured the metabolic brain activity using 
positron emission tomography (PET) before, directly after, and 150 minutes after HFS. 
First they recorded evoked C-fiber field potentials to confirm the presence of C-fiber LTP 
due to HFS. 
The authors subsequently observed an increase in metabolic activity (in comparison to 
sham) directly after HFS in the primary somatosensory cortex congruent with the area of 
the stimulated limb. However, this effect was already fading 150 min after HFS. 
Interestingly, the authors also observed an increase in the metabolic brain activity (in 
comparison to sham) on the measurement 150 minutes after HFS in areas such as: 
amygdala (including adjacent cortical areas and striatum), peri-aquaductal grey (PAG) and 
rostral ventro-medial medulla (RVM) [50]. 
Evoked field potentials are known to reflect summation of postsynaptic, mainly monosynaptical potentials [14] 
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1.2.3 Noxious input can change pain perception 
1.2 3.1 Hyperalgesia as perceptual correlate of nociceptive LTP observed in humans7 
Both the in vitro as well as in vivo (animal) studies demonstrated that LTP can be induced 
after high frequency stimulation of afferent peptidergic C-fibers and suggest its 
involvement in hyperalgesia. If LTP is involved in pain amplification, then HFS of primary 
afferent peptidergic C-fibers in human skin should also result m increased pain perception 
(ι e hyperalgesia) To investigate this hypothesis Klein et al [51] set out to translate the 
HFS - LTP model, and hyperalgesia as its possible perceptual correlate, to humans To this 
end, they applied HFS (100 Hz for 1 sec. repeated 5 times m a 10 sec interval) to the 
human skin, through a specially designed electrode that activates peptidergic C-fibers in 
the superficial layer of the epidermis As verification that indeed these afférents are 
activated sufficiently, Klein et al. also measured the increased skin perfusion (ι e flare) 
with laser Doppler imaging [51] If peptidergic C-fibers are activated they produce an axon 
reflex with, as a consequence, vasodilatation of the blood vessels in the skin [52]. As 
expected, a large flare could be observed in the stimulated area after HFS, indicating 
activation of peptidergic C-fibers Before and after high frequency stimulation subjects 
received single noxious (high intensity) electrical test stimuli through the same electrode 
After each stimulus subjects were asked to rate the experienced pain intensity on a 
numeric rating scale (NRS) ranging from 0 'no pain' to 100 'most intense pain imaginable' 
The authors observed an increased pain intensity to the single electrical test stimuli after 
HFS and considered this to be a perceptual correlate of LTP More recently it has been 
shown that the half-life time of this increased pain intensity is 7 0 h and was predicted to 
be fully recovered after 48 h [53]. 
1.2.3.2 HFS also induces changes in skin sensitivity in the surrounding non-stimulated skin 
Hyperalgesia to electrical test stimuli in the stimulated area was not the only finding m the 
experiment of Klein et al. They also observed hyperalgesia to mechanical punctate stimuli 
applied m the surrounding non-stimulated skin, a phenomenon very similar to secondary 
hyperalgesia. This punctate hyperalgesia had a half life time between 3 0 and 5 0 h and 
was predicted to be fully recovered after 24 h [53,54]. There are studies reporting 
evidence for a role of mechanosensitive myelinated Αδ fibers in mediating the sharp pain 
evoked by mechanical punctate stimuli m normal skin but also m the surrounding skin site 
(i.e heterotopic) after the application of capsaicin [55,56]. Besides punctate hyperalgesia 
the authors also observed allodyma (i.e pain in response to a non-noxious stimulus). A 
soft cotton tip applied to the surrounding non-stimulated skin elicits pain after HFS. This 
type of stimulus is normally not experienced as painful and only activates low-threshold 
mechanoreceptors [57]. 
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Allodynia could not be observed in all volunteers, its time course was shorter than that of 
punctate hyperalgesia, and it disappeared between 4 and 8 hours [53,54]. 
1.2.4 Homosynaptic versus heterosynaptic mechanisms 
1.2.4.1 Hyperalgesia in the stimulated (i.e. homotopic) area 
The long-term enhancement of pain perception as response to electrical test stimuli 
applied in the homotopic area might be a perceptual correlate of nociceptive LTP as 
suggested by Klein et al. To evaluate the sensory characteristics of this induced 
hyperalgesia Klein et al. used a list of sensory pain descriptors [58]. The authors observed 
a significant increase after HFS on the pain descriptors 'hot' and 'burning'. This seems to 
confirm the activation of C-fibers during conditioning stimulation. However the authors 
also observed a significant increase on the pain descriptors 'piercing' and 'stinging', 
suggesting the concomitant involvement of Αδ-fibers. In fact, a small population of 
peptidergic Αδ-fibers also seems to exist [59]. This raises the question whether HFS only 
induces LTP at C-fiber synapses - or whether it also does so at Αδ-fibers. At present there 
is no conclusive evidence that under normal conditions HFS of Αδ-fibers also induces LTP 
at these nociceptive fiber synapses. 
Klein et al. [60] demonstrated that low doses of the NMDA-receptor antagonist ketamine, 
applied before HFS, prevented the development of homotopic hyperalgesia after HFS. 
Congruent with evidence that ketamine acts on the same molecular mechanism as the 
one involved in the induction of LTP in the in vitro model [14,61], this adds weight to the 
hypothesis that homotopic hyperalgesia is probably based on LTP of peptidergic C-fibers. 
Does peripheral sensitization also play a role in the observed homotopic hyperalgesia? 
Peripheral sensitization is typically associated with an increase in sensitivity to heat 
[62,63]. No change in sensitivity to heat stimuli was observed after HFS in the homotopic 
area [64] which probably indicates that HFS does not induce peripheral sensitization. This 
is not really surprising because HFS does not produce visible tissue damage [51]. Instead 
HFS directly excites the peripheral nerves and circumvents nociceptor transduction 
processes. 
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12 4 2 Hyperalgesia m the non-stimulated (ι e heterotopic) area 
Klein et al also observed hyperalgesia to mechanical punctate (pinprick) stimuli m the skin 
adjacent to the stimulated area [51] At present nothing conclusive can be said about the 
exact mechamsm(s) underlying the development of this heterotopic hyperalgesia after 
HFS [65]. Nevertheless increasing evidence suggests that homotopic and heterotopic 
hyperalgesia may have, at least partly, different underlying mechanisms 
Heterotopic hyperalgesia is typically tested m an area somatopically remote from the 
conditioned area and thus via another pathway than the conditioning stimulation (ι e 
HFS) This supports the idea that heterotopic hyperalgesia probably involves a 
heterosynaptic mechanism. 
Moreover, the mechanical punctate stimulus used probably activates other afferent fibers 
(e.g mechano-sensitive Αδ fibers) than the ones that are activated by the conditioned 
stimulation (C-fibers) However, there is a study that suggests that pinprick hyperalgesia 
after nerve injury can be mediated by a subclass of C-fibers [66] 
Another study that supports the idea that heterotopic hyperalgesia may have a different 
underlying mechanism than homotopic hyperalgesia is that of Klein et al [60], also 
mentioned in paragraph 1.2 4.1. The authors showed that low doses of the NMDA-
receptor antagonist ketamme, applied before HFS, abolished homotopic hyperalgesia But 
interestingly, this was not the case for heterotopic hyperalgesia Moreover, the ketamme 
study also showed that heterotopic hyperalgesia did not develop secondary to homotopic 
hyperalgesia. In contrast, m a study performed by Stubhaug et al [5], pretreatment 
ketamme did prevent the development of heterotopic hyperalgesia. 
This difference could be explained by the fact that the two studies used a different 
outcome measure for the amount of hyperalgesia Klein et al used the perceived intensity 
while Stubhaug et al used the mapped area (cm ) of hyperalgesia. 
In a cross-over, double-blmded, placebo-controlled study Kawamata et al [67,68] also 
investigated the development and maintenance of heterotopic hyperalgesia but with the 
use of the skin incision model. In this model healthy volunteers cut themselves m the arm 
with a scalpel In the first condition lidocame (anesthetic) or saline was injected 
subcutaneously into the incision site before the incision. In the second condition the 
lidocame or saline was injected after the incision In both conditions the amount of 
secondary hyperalgesia was measured in response to mechanical punctate stimuli (von 
Frey monofilaments). This experiment demonstrated that pre-traumatic injection (before 
incision) of lidocame prevented the development of heterotopic (ι e. secondary) 
hyperalgesia, while the post-traumatic injection (ι e after trauma) did not affect the 
established heterotopic hyperalgesia Thus, anesthetizing the peripheral nerve before 
trauma prevents the development of heterotopic hyperalgesia to pinprick stimuli. 
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However, once this heterotopic hyperalgesia is fully developed it becomes independent of 
peripheral neural activity. 
Taken together there is increasing evidence for the hypothesis that homotopic and 
heterotopic hyperalgesia may have, at least partly, different underlying mechanisms. 
Homotopic hyperalgesia is probably the consequence of a homosynaptic mechanism like 
LTP. In contrast, heterotopic hyperalgesia is more likely the result of heterosynaptic 
facilitation [69], probably maintained independently of peripheral mechanisms. 
1.3 The topic of this dissertation 
1.3.1 Relevance of the HFS - LTP model for postsurgical pain 
A typical feature of acute postsurgical pain is increased pain sensitivity (i.e. hyperalgesia) 
in (homotopic) and surrounding (heterotopic) the region undergoing surgical damage. 
There is increasing evidence that this homotopic and heterotopic hyperalgesia may have, 
at least partly, different underlying mechanisms. 
The underlying mechanism for homotopic hyperalgesia might be spinal LTP, although 
there is currently no direct evidence. Spinal LTP, which is shown to be induced after high 
frequency stimulation (HFS) of peptidergic C-fibers, is a mechanism that amplifies 
nociceptive input and probably also pain perception. 
Surgery is accompanied by strong noxious input, which probably causes the same afferent 
barrage as HFS. This makes it likely that LTP is also induced after surgery and may be 
responsible for heightening acute postsurgical pain. In this context it is important to 
remember that the intensity of acute postsurgical pain seems to be correlated with the 
risk of developing persistent pain. Also peripheral nerve injury, which can be induced by 
the surgical procedure, has been shown to induce LTP in nociceptive pathways [70]. 
At present, the exact underlying mechanism for heterotopic hyperalgesia accompanying 
HFS is unknown, but probably involves a different mechanism than homotopic 
hyperalgesia. Heterotopic hyperalgesia is particularly of interest because it involves a 
spread to uninjured skin sites, a typical phenomenon accompanying persistent pain and 
suggesting changes in supraspinal mechanisms (e.g. changes in descending inhibition or 
facilitation). It is reasonable to think that peripheral strong noxious input (i.e. HFS) should 
also affect brain activity. In fact this has been demonstrated already in vivo (in animals) 
[49,50]. Hypothetically, these brain changes could contribute to the observed heterotopic 
increased perceived intensity via changes in descending inhibition or facilitation [70]. 
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Therefore it is interesting to measure cortical sensory processing in the area of 
heterotopic hyperalgesia. 
1.4 Measuring cortical sensory processing: an introduction to its 
methodology 
1.4.1 Electro-encephalography (EEG) 
Electro-encephaiography is the recording of the electrical activity of the brain. In order to 
measure such activity electrodes are placed on the scalp and connected to an amplifier. 
The electrodes are placed according to an international standardized topographic 
arrangement, also called the 10-20 system (figure 3). The electro-encephalogram (EEG) is 
the result of voltage differences between an electrode of interest and a reference 
electrode. Because the amplitude of these voltage differences is very small (tens of micro 
volts) the signal is amplified. Figure 3 shows the example of a one second EEG recording. 
One-second EEG trace 
100 200 300 400 500 600 700 800 900 1000 
Time (ms) 
Figure 3. Measurement of the EEG with 32 electrodes arranged according to the standard 10-20 system (top). A 
one-second EEG recording (filtered between 1 and 80 Hz) (down). 
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1.4.2 The physiological basis of the EEG 
The EEG is the result of activity of pyramid neurons that are present in the outer layer of 
the cortex [72]. These pyramid neurons are ordered in a way in which the cell body 
extends itself in the direction of the cortical surface (i.e. perpendicular). In this way the 
dendrites of the pyramid neurons have an asymmetric position with respect to the cell 
body and will cause an open field configuration. To show in more detail how pyramid cells 
contribute to the EEG, consider figure 4, which shows the activity of one pyramid neuron 
[72]. 
If, for example, an excitatory synapse is active at the level of the dendrite, a positive 
current will flow into the dendrite, leaving a negativity in the extracellular space (1). 
Intracellular recordings of the dendrite measure a rapid excitatory postsynaptic potential 
(EPSP) at the synaptic site (2). As a result there is an outward flow of positive ions through 
the membrane of the proximal dendrite and soma (i.e. the source) (3), resulting in the 
generation of a dipole field. Because a current flow must complete a loop, the positive 
ions flow back inward at the synaptic site (i.e. the sink). It is the extracellular postsynaptic 
flow of the apical dendrite (1) that contributes to the voltage polarity changes of the EEG 
measured at the scalp [72]. Thus in this case the EEG amplitude measured at the cortical 
surface has a negative charge (4). If the action of the active synapse is inhibitory, all 
voltages will be the opposite. 
Figure 4. Pyramid cell contributing to the scalp recorded EEG (see text). 
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It is important to realize that the activity of one pyramid cell is too small to be picked up 
by the electrodes at the cortical surface, therefore only the summed activity of numerous 
pyramid neurons that are firing at the same time (i.e. synchronously) is measured on the 
scalp [72]. 
The waveform of the EEG is not only the result of the action (excitatory or inhibitory) of 
the active synapse but also depends on its location [72]. This principle is illustrated in 
figure 5. If the active synapse (excitatory, here) is superficial with respect to the cortical 
surface, the extracellular current at the sink will be negative. However if the same synapse 
is located in deeper layers, proximal to the soma, the extracellular current flow near the 
scalp will be reversed, thus positive. 
Superficial EPSP 
: : 5 Excitatory 
synapse 
Figure 5. The waveform of the EEG depending on its location (see text). 
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1.4.3 Analysis of brain signals 
1.4.3.1 Resting state EEG 
The resting-state EEG is typically measured when subjects are awake but not engaged in a 
task. A common way to analyze the resting state EEG is to transform the EEG signal into 
the frequency domain [73]. To explain this method in more detail let's take the example of 
the one second EEG recording shown in 1.4.1. In figure 6 it is demonstrated that the one 
second EEG can be decomposed into voltage polarity fluctuations of different 
frequencies . 
The next step in the analysis is to compute the relative dominance of each frequency in 
the EEG signal. Figure 7 shows the result of this analysis. This frequency versus amplitude 
illustration is also termed power spectrum. It is important to emphasize that this method 
ignores the temporal variation of the signal. Under normal conditions the resting state 
EEG shows a dominance of the alpha frequency typically observed from the posterior part 
of the brain (i.e. parietal-occipital region) [74,75]. 
1.4.3.2 Stimulus related EEG 
1.4.3.2.1 Evoked potentials 
The most straightforward way of measuring the response of the brain to a given stimulus 
is by recording evoked potentials. Evoked potentials, or more generally, event-related 
potentials (ERPs) are voltage polarity fluctuations in the EEG that are time-locked to the 
onset of a stimulus [76]. Because the magnitude of the evoked potential amplitude is low 
in comparison with the background EEG it is difficult to identify the evoked potentials in a 
single trial. To solve this problem, and thus to improve the signal to noise ratio, a method 
called time-domain averaging is introduced [77]. This method consists of the following 
steps: 1) the stimulus is repeated a given number of times; 2) the simultaneous recorded 
EEG is, based on stimulus onset, segmented in a fixed window length (i.e. time period) 
consisting of a pre-stimulus and post-stimulus period; 3) then the averaged evoked 
potentials are calculated by averaging across all trials. 
In EEG research the unit of frequency (hertz) is used to characterize the rhythmic fluctuations (i.e. oscillations). 
Hertz (Hz) is defined as the number of cycles (or waves) per second of a periodic phenomenon Commonly, the 
EEG is arbitrarily classified into the following frequencies; delta (1-3 Hz), theta (4-7 Hz); alpha (8-12 Hz); beta (IS-
SO Hz); gamma (30-100 Hz). 
28 
A. One-second EEG trace 
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Figure 7. Power spectrum computed on EEG activity. The arrow above the 10 Hz peak illustrates the dominance 
of this frequency in the resting state EEG. The x-axis denotes the different frequencies (hertz) and the y-axis the 
amplitude (microvolt). The arrow above 50 Hz illustrates the presence of line noise in the EEG, which is an 
artifact. 
Figure 8 shows an example of evoked potentials obtained from this averaging procedure. 
The evoked potentials can be described in terms of their latency, polarity and topography 
[76]. For example, the large negative charged wave present around 100 milliseconds and 
maximal at electrode FCz, depicted in figure 8 is termed N I . A positivity around 300 ms 
and maximal at electrode Cz is often named P3. Based on the discussion about how the 
EEG amplitude is generated, it could be tempting to speculate about the contribution of 
the underlying source (excitatory or inhibitory) to the negative and positive averaged 
evoked potentials. However, it must be emphasized that in most cases different sources 
are active at the same t ime, making it difficult to interpret the average evoked potentials 
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Figure 8. Evoked potentials as a result of time-domain averaging. The x-axis represents the time (milliseconds) 
and the y-axis the voltage (microvolt). The stimulus is given at time-point 0.0 (dotted line). On top scalp 
topographies are shown. These topographies show the maximal activity. Blue represents negatively and red 
positively charged. This picture shows two distinctive ERP components: 1) NI , a negatively charged amplitude 
present around 100 milliseconds (below), which is maximal at the frontal-central electrode (top). 2) P3, a 
positively charged amplitude present around 300 milliseconds (below) which is maximal at central electrodes 
(top). 
1.4.3.2.2 Time-frequency analysis 
In order to investigate from which frequencies as a function of time the evoked potentials 
are composed a more detailed approach such as time-frequency analysis can be used. The 
averaged evoked potential is transformed into a time-frequency resolution by 
decomposing the evoked potential activity into all available frequencies as a function of 
time [78]. The result is a plot showing increases or decreases in magnitude (relative to a 
baseline period) of the EEG activity that is time- and phase-locked to the stimulus. Figure 9 
shows an example of such a time-frequency representation (TFR). 
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Figure 9. Time-frequency representation (TFR). The x-axis shows the time (in seconds) and the y-axis the 
different frequencies (in hertz). The stimulus is given at time point 0.0 (dotted line). The blue color represents a 
decrease and red an increase of EEG activity with respect to the pre-stimulus period. 
As already mentioned the evoked potentials are identified after time-domain averaging. 
However, this procedure is based on the assumptions that: 1) the evoked potential 
amplitude is phase-locked to stimulus onset (latency and morphology is invariant across 
trials) and 2) the background EEG behaves like random noise (activity that is unrelated to 
the stimulus). But these assumptions are not valid in a strict sense [79]. A number of 
studies have shown that the EEG also includes event-related non phase-locked EEG activity 
[78,80,81]. Non-phase locked EEG activity is the result of a latency variation from trial to 
trial and is therefore typically cancelled out by time-domain averaging (figure 10) [78,79]. 
In order to identify the non-phase locked EEG activity, the TF-transformation is applied to 
all single trials and then averaged across trials. Because this strategy results in both phase 
and non-phase locked EEG activity, it is important to subtract the phase-locked (evoked) 
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Figure 10. Phase-locked (red boxes) versus non-phase locked (blue boxes) EEG activity. When the amplitude of 
the EEG is at a fixed latency across trials, time-domain averaging reveals the time- (and phase-) locked event-
related potentials (ERPs). However, when the amplitude varies In latency across trials the event-related (phase-
locked) EEG activity is typically cancelled out by time-domain averaging. Modified from ref. [78]. 
1.5 Aim of this dissertation 
A typical feature of acute postsurgical pain is increased pain sensitivity (i.e. hyperalgesia) 
in (homotopic) and surrounding (heterotopic) the region undergoing surgical damage 
[5,6,7,8]. At present, the exact underlying mechanism for heterotopic hyperalgesia is 
unclear. This form of hyperalgesia is of particular interest because it involves a spread to 
uninjured skin sites, a typical phenomenon accompanying persistent pain [9]. This 
spreading of hyperalgesia suggests changes due to supraspinal mechanisms (changes in 
descending inhibition or facilitation). Thus, in this dissertation we aimed to: 1) explore 
cortical sensory processing of stimuli applied in an area of heterotopic hyperalgesia 
induced by experimental nociception, i.e. electric high frequency stimulation (HFS) and 2) 
explore cortical sensory processing of stimuli applied in an area that is unaffected by 
tissue damage in patients with and without persistent pain after surgical nociception. 
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Introduction: Long-term potentiation (LTP) is a cellular model of synaptic plasticity and 
reflects an increase of synaptic strength LTP is also present in the nociceptive system and 
is believed to be one of the key mechanisms involved in the manifestations of chronic 
pain LTP manifested as an increased response in pain perception can be induced in 
humans using high frequency electrical stimulation (HFS) The aim of this study was to 
induce spinal heterosynaptic LTP using HFS and investigate its heterotopic effects on 
event-related potentials (ERPs) to repeated non-painful cutaneous stimuli as a possible 
electrophysiological cortical correlate of sensitization 
Method: Twenty two healthy subjects were randomly assigned to one of the two 
experimental conditions, HFS and control stimulation Before and after the stimulation, 
both conditions received heterotopic mechanical (pinprick) and paired non-painful 
electrical test stimuli to quantify and confirm the effects of HFS on the behavioral level 
ERPs to paired non-painful electrical stimulation were measured simultaneously 
Results: Conditioning HFS resulted in significant heterotopic effects after 30 minutes, 
including increased perceived intensity m response to (pinprick) mechanical and paired 
non-painful electrical stimulation in comparison with control The paired non-painful 
electrical stimuli were accompanied by significantly enhanced responses regarding the 
ERP N1-P2 peak-to-peak and P300 amplitude in comparison with control 
Conclusion: HFS producing potential perceptual correlates of heterosynaptic spinal LTP 
also results in potential cortical electrophysiological correlates in humans 
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2.1 Introduction 
Long-term potentiation (LTP) is a cellular model for synaptic plasticity [1] and reflects 
increase of synaptic strength [2]. LTP is also present in the nociceptive system [3,4,5,6,7] 
and is believed to be one of the key mechanisms involved in the development and 
maintenance of chronic pain [4,8,9,10,11]. Klein et al. [12] concluded that nociceptive LTP 
can be elicited in humans after high frequency electrical stimulation (HFS) of primary 
nociceptive afférents. Klein et al. demonstrated the effectiveness of HFS in inducing LTP by 
observing potential perceptual correlates, e.g. increased subjective pain perception after 
electrical and mechanical stimuli. In this context, LTP is manifested as a heightened 
sensitivity in the stimulated area (homotopic effects) as well as the area adjacent to the 
stimulated area (heterotopic effects) [12,13]. However, to the best of our knowledge no 
study so far has directly investigated the effect of this cutaneous HFS paradigm for 
inducing LTP on brain processing. One way to do this is by measuring event-related 
potentials (ERPs) during stimulus repetition. ERPs are voltage polarity changes in the 
electroencephalogram (EEG), time-locked to the onset of a stimulus [14]. They represent 
the synchronized activity of the underlying neural population [15]. During stimulus 
repetition a typical phenomenon can be observed, namely habituation, defined as a 
decrease in response to a stimulus when that stimulus is presented repeatedly [16,17]. 
Previous ERP studies with somatosensory stimuli have shown that the ERP response is 
already habituated after the second stimulus [18]. Sensitization has opposite effects to 
habituation. It is defined as an enhanced response to a wide variety of stimuli after the 
presentation of an intense or noxious stimulus [16]. 
The aim of this study was to induce LTP using HFS and investigate its heterotopic effects 
on ERPs to repeated non-painful stimulation as a possible electrophysiological cortical 
correlate of sensitization of the somatosensory system. 
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2.2 Materials and Methods 
2 2 1 Participants 
Twenty-two healthy men (median age 26 5 years, range 20-57 years) participated in the 
experiment Subjects were excluded from the study if they had a psychiatric or 
neurological history, used medication, or suffered from pre-existing pain or pain 
syndrome All participants signed an informed consent form Approval for the experiment 
was obtained from the local Ethical Committee (ECG 03072008) 
2 2 2 Design experimental conditioning 
Subjects were randomly assigned to one of the two groups electrical high frequency 
stimulation (HFS) or electrical single pulse stimulation (Control) For high frequency 
stimulation, subjects received trains of 100 Hz (pulse width, 2 ms) of 1 sec repeated 5 
times at 10 sec interval with an intensity of 20 χ detection threshold on the forearm 5 cm 
distal to the fossa cubita using a ring electrode (fig 1) The ring electrode consists of 16 
blunt stainless steel pins with a diameter of 0 2 mm protruding 1 mm from the base The 
16 pins are placed m a circle with a diameter of 10 mm and serve as cathode A stainless 
steel reference electrode which serves as anode is concentrically located and has an inner 
diameter of 22 mm and an outer diameter of 40 mm This electrode is designed to activate 
superficial nociceptive C-fiber afférents with less concomitant recruitment of tactile 
afférents [12] The control condition consisted of one single pulse of 1 sec at an intensity 
of 20 χ detection threshold, repeated five times with a 9 sec interval between each single 
pulse In order to avoid interference of lateral dominance, the stimulated arm was 
balanced across subjects 
2.2 3 Variables measured 
2 2 3 1 Behavioral measurements 
In order to quantify the heterotopic effects as a result of HFS on the behavioral level, two 
tests were used before and after the experimental conditioning The first behavioral test 
was obtained using electrical paired pulse stimulation, see below A second test was used 
to test for heterotopic effects regarding mechanical (pinprick) stimuli A calibrated sharp-
tipped von Frey monofilament (size 6 1, target force 980 mN, Sammons Preston Rolyan, 
USA) was pressed on four different areas of the skin These areas were marked at the 
beginning of the experiment, and were located 1 cm lateral, medial, proximal and distal 
from the ring electrode 
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After each stimulus, subjects were asked to rate the sensation on a modified Visual 
Analogue Scale (VAS) ranging from 0 cm = "I feel nothing" to 10 cm = "unbearable pain" 
by drawing a vertical line on a horizontal bar. The sequence of the von Frey stimulation in 
the four different areas was randomized across conditions (pre and post) and subjects. 
2.2.3.2 Electrophysiological measurements 
A multi-channel EEG (Neuroscan system) was recorded during the experiment (band-pass 
0.1-100 Hz, sample frequency 2000 Hz) with nineteen Ag/AgCI electrodes (Fpl, Fp2, F7, F3, 
Fz, F4, F8, T7, C3 Cz, C4, T8, P7, P3, Pz, P4, P8, Ol, 02) mounted in an elastic electrode-
cap. The electrodes were arranged according to the international 10-20 system and 
referenced to linked mastoids. Eye movements were detected by horizontal and vertical 
electrooculogram (EOG) recordings. Horizontal EOG was measured from the outer canthus 
of the left eye, and vertical EOG supra orbital to the left eye. Impedance was kept under 
the 5 kO for all leads. 
The ERPs were recorded using the paired pulse paradigm [19,20] but with a fixed inter-
stimulus interval and a random inter-pair interval. Fifty pairs of non-painful electrical 
stimuli (S1-S2) with a fixed inter-stimulus interval of 500 ms and a random inter-pair 
interval ranging from 7 to 10 sec. were delivered to the arm of the subject. A VAS-score 
(same VAS as for testing heterotopic effects) was obtained at a random time within a train 
of 5 paired pulses. This results in a total of 10 VAS-scores obtained during the paradigm. 
Stimulation intensity was 50% of the pricking/painful threshold and was kept the same 
during the whole experiment. Stimuli were delivered using a constant current stimulator 
via two silver electrodes (anode and cathode) placed within 1 cm outside the ring 
electrode (fig. 1). To achieve an optimal standardization across subjects, both electrodes 
were placed at an angle of 45 degrees to the vertical midline. The electrodes were not 
moved during the experiment. 
For threshold determination, subjects received electrical pulses (pulse width; 2.0 ms) 
starting from 0 mA and increasing with steps of 0.5 mA. The procedure stopped when the 
pricking/painful threshold was achieved, verbally reported by the subjects. 
During paired pulse stimulation, subjects were comfortably seated in a sound-attenuating 
cubicle (inside dimensions: 2.0 χ 2.2 χ 2.0 m). Subjects were instructed to passively 
perceive the stimuli with eyes closed, without making any movements. A computer display 
was placed in front of the subject (0.5 m) together with a computer mouse. The display 
was used to display the VAS-scale, preceded by a tone (65 dB). Participants were 
instructed to open their eyes after the tone and use the mouse to mark the VAS-score, 
after which they closed their eyes again. The subject was asked to score the intensity of 
the last received stimulus. 
44 
The mouse was handled with the hand opposite to the stimulated arm. Prior to paired 
pulse stimulation, a baseline EEG of two minutes (eyes open and eyes closed) was 
obtained. During these measurements subjects were instructed to sit as still as possible 
and make as few eye movements as possible. 
2.2.4 Procedure (fig. 1) 
At the beginning of the experiment individual thresholds for the paired pulse stimulation 
(EEG) were determined. After this procedure, the baseline EEG measurement for the 
paired pulse stimulation followed. Then, the detection threshold for the ring electrode 
was obtained. To this end, subjects received a single square wave current pulse (duration 
2 ms), increasing in 0.1 mA steps, via the electrode until they detected a stimulus. The 
electrode was connected to a constant current stimulator (World Precision Instruments, 
USA). After obtaining the detection threshold for the ring electrode, the baseline 
measurement for the mechanical pinprick test followed. Afterwards, conditioning (HFS or 
control) took place followed by a 30 minute rest. After the break, both measurements 
(mechanical pinprick test and paired pulse stimulation) were repeated. 
PremMSUrement ConAioning . , . - . · , · , : Post msasurement 
Pre measurement Pesi measuiemint 
Figure 1. Above left: Positioning of the two silver electrodes used for the paired pulse stimulation on the arm of 
the subject. Dotted line represent proximal-distal axis. Above right: Standardized placement of the two silver 
electrodes together with the ring electrode. The anode and cathode were placed in an angle of 45 degrees each 
from the proximal-distal axis. The diameter of each silver electrode is 8 mm. Both were placed within a circle of 1 
cm distance from the ring electrode. Circle of dots in the middle of the ring electrode represents the pins through 
which the electrical current is transmitted. Below: Time-table of the experiment for both the HFS and control 
group. 
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2.2.5 Signal analysis 
ERPs were extracted from the EEG off-line with Brain Vision Analyzer software version 
1.05. First the EEG was down-sampled to 1000 Hertz and re-referenced to linked mastoids. 
Then data were inspected for ocular artifacts using the Gratton-Coles method [21] and 
segmented into epochs from -100 ms pre-stimulus to 1000 ms post-stimulus with a total 
period of 1100 ms (Rentzsch et al. 2008). Bad segments such as muscle or jaw artifacts 
and line noise activity were removed. After baseline correction (-100 - 0 ms) all epochs 
were averaged for each subject individually. Based on morphology and latency of the 
grand median ERP, analyzed from the Cz electrode, three distinct peaks (N100, P200 and 
P300) were defined. The N100 was defined as the largest negative amplitude value 
between 100 and 170 ms, the P200 as the largest positive value between 140-290 ms and 
the P300 as the largest positive value between 230-370 ms. For statistical analysis the 
maximum value for each amplitude was calculated on every individual grand average ERP. 
2.2.6 Statistical analysis 
For statistical analysis the software SPSS v. 16.0 was used. Because some variables were 
not normally distributed, outliers were present and N< 30, non-parametric test statistics 
were used for data analysis. Difference scores (post minus pre measurement) were first 
calculated and then compared between the two groups (HFS vs control) with a Mann 
Whitney U test. For testing within-group effects (pre vs post), the Wilcoxon Signed Rank 
test was used. In all tests the significance level was set at ρ < .05. Also the effect size (r), a 
measure of the strength of the relationship between two variables, was calculated for the 
between (HFS vs control) and within group (pre vs post) effects. The effect size r was 
calculated as the Z-score divided by the square root N, where Ν represents the total 
number of observations. Medians (and inter-quartile ranges) of the behavioral VAS-scores 
and ERP peaks for each condition (pre vs post) and group (HFS vs control) are summarized 
in table 1 till 3, respectively. 
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2.3 Results 
2.3.1 Heterotopic effects: behavioral tests 
Significant between-group (HFS vs control) effects were found regarding the mechanical 
test stimuli applied in the area adjacent to the stimulated area; distal [U - 25.0, ρ < .01, r = 
-.50]; proximal [U = 27.5, ρ < .05, r = -.46]; lateral [U = 33.5, ρ < .05, r = -.38] and medial [U 
= 33.5, ρ < .05, r = .-39] (fig. 2). Within-group (pre vs post) effects showed significant 
increases in VAS-scores after HFS in three areas: distal [Z = -2.938, ρ < .001, r = -.63]; 
proximal [Z = -2.937, ρ < .001, r = -.63]; lateral [Z = -1.693, ρ < .05, r = -.36] and marginally 
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Figure 2. Static heterotopic mechanical test stimuli applied adjacent to the stimulated skin area. The figure 
shows the median and inter-quartile range VAS-scores as response to the static mechanical test stimuli. A von 
Frey monofilament was pressed on four different areas of the skin (proximal, distal, lateral and medial), 2.5 cm 
outside the area of high frequency stimulation. • = Mann-Whitney U test statistics of the difference scores (post-
pre) between HFS and control group ( • = ρ < .05, mm = ρ < .01). · = Wilcoxon Signed Rank test statistics between 
pre and post ( · = ρ < .05, · · · = ρ < .001, ° = marginally significant (p = .053). Red squares represent the pre and 
post comparison of the HFS group. 
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Besides these effects regarding the mechanical stimuli, between-group (HFS vs control) 
differences were also found regarding the non-painful electrical stimuli applied during the 
paired pulse stimulation [U = 29.0, ρ < .05, r = -.44] (fig. 3). Within group (pre vs post) 
analysis showed a significant decrease In the control group after conditioning [Z= -2.401, 
ρ < .01, r= -.51] (fig. 4). Although the median VAS-score suggested an increase after HFS, It 
did not reach significance medlanpre 2.312, medianp0St 3.077 and the effect size Is small (r = 
-0.10). 







Figure 3. Paired pulse stimulation. The figure shows the median and inter-quartile range VAS-scores as response 
to the paired non-painful heterotopic electrical stimulation adjacent to the stimulated skin area. • = Mann-
Whitney U test statistics of the difference scores (post-pre) between HFS and control group ( • = ρ < .05). · = 
Wilcoxon Signed Rank test statistics between pre and post ( · · = ρ < .01). Blue squares represent the pre and post 
comparison of the control group. 












Table 1. Medians (and mter-quartile ranges) of the behavioral VAS-scores for the static heterotopic 
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2.3.2 Heterotopic effects: event-related potentials (ERPs) 
The grand median ERPs are shown in figure 6. 
2.3.2.1 Short-term (intra session) effects 
The pre measurement of both groups showed a statistically significantly attenuated 
second stimulus (S2) in comparison with the first stimulus of both the N1-P2 peak-to-peak 
and P300 amplitude (fig. 4 & 5): N1-P2 peak-to-peak amplitude HFS group [Z = -2.667, ρ < 
.01, r = -.57], Control group [Z = -2.934, ρ < .001, r = -.63], and P300 amplitude HFS group 
[Z = -2.934, ρ < .001, r = -.63], Control group [Z = -2.934, ρ < .001, r = -.63]. 
After HFS conditioning, the differences between SI and S2 in both groups remained 
comparable with the pre measurement. 
The second stimulus of both the N1-P2 peak-to-peak and P300 amplitude continued to be 
significantly attenuated in comparison with the first one (fig. 4 & 5): N1-P2 peak-to-peak 
amplitude HFS group [Z = -2.934, ρ < .001, r = -.63], Control group [Z = -2.667, ρ < .01, r = -
.57], and P300 amplitude HFS group [Z - -2.934, ρ < .001, r = -.63], Control group [Z = -
2.934, ρ < .001, r = -.63]. Thus, short-term effects were unaltered in both groups. 
2.3.2.2 Long-term (inter session) effects 
After conditioning, between-group (HFS vs control) analysis showed a significant 
difference with respect to the first stimulus (SI) of the N1-P2 peak-to-peak amplitude [U = 
29.0, ρ < .05, r = -.44] (fig. 4). There were no significant differences regarding S2. Within-
group (pre vs post) analysis revealed a significant decrease of the first stimulus in the 
control group [Z = -1.956, ρ < .05, r = -.42] (fig. 4). No significant decrease was found after 
HFS regarding the first or second stimulus of the N1-P2 peak-to-peak amplitude. 
Significant between-group (HFS vs control) differences were found with respect to the first 
stimulus of the P300 amplitude after conditioning [U = 28.0, ρ < .05, r = -.46] (fig. 5). There 
were no significant differences regarding S2. Within-group (pre vs post) analysis showed a 
significant decrease of the first stimulus in the control group [Z = -2.934, ρ < .001, r = -.63] 
(fig. 5). No significant decrease regarding the first or second stimulus of the P300 
amplitude was found after HFS conditioning (fig. 5). In summary, a significant inter-session 
decrement of the first stimulus (SI) was lacking after HFS, but present in the control 
condition. 
We observed no statistically significant differences on the pre measurement between the 
groups of subjects that were stimulated on the dominant arm vs subjects that were 
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Figure 4. ERP N1-P2 peak-to-peak amplitude. Median and inter-quartile range of the N1-P2 peak-to-peak 
amplitude on the first (SI) and second (S2) stimulus in both the control and HFS group. • = Mann-Whitney U test 
statistics of the difference scores (post-pre) between HFS and control group (• = ρ < .05). · = Wilcoxon Signed 
















Figure 5. ERP P300 amplitude. Median and inter-quartile range of the P300 amplitude on the first (SI) and 
second (S2) stimulus in both the control and HFS group. • = Mann-Whitney U test statistics of the difference 
scores (post-pre) between HFS and control group (• = ρ < .05). · = Wilcoxon Signed Rank test statistics between 
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Figure 6. Grand median event-related potentials. Top. Plotted are the grand median ERPs for the pre (black line) 
and post (grey line) condition of the control group. Dotted lines represents stimulus onset. Upward is positive 
and downward is negative charge. The blue part in the figure represents the difference between pre and post. 
Down. Plotted are the grand median ERPs for the pre (black line) and post (grey line) condition of the HFS group. 
Dotted lines represents stimulus onset. Upward is positive and downward is negative charge. Colored parts 
represents the difference between pre and post. The blue part in the figure represents the amount of decrement 
whereas the purple part represents the amount of increment between pre and post. 
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TableZ. Grand median ERP N1/P2 peak-to-peak amplitude. Medians (and interquartile ranges) of the 








9 .2(7 .3-12.0) 
20.6(17.0-27.7) 
10.4 (8.5 - 13.0) 
16.9(15.5-20.1) 
9.1 (6.1 - 16.0) 
11.4(6.9-18.7) 
6 .4(4.9-13.1) 
Table 3. Grand median ERP P300 amplitude. Medians (and inter-quartile ranges) of the amplitudes in 
microvolts of the ERP P300 amplitude for both the first and second stimulus. 
P300 HFS Control 




7 .6 (6 .1 -10 .3 ) 
16 .1(14 .1-18 .3) 
7 .7 (4 .2 -8 .3 ) 
14 .0 (9 .9 -18 .6 ) 
6 .9 (4 .1 -8 .3 ) 
10 .2 (6 .5 -13 .0 ) 
4 . 3 ( 2 . 8 - 5 . 8 ) 
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2.4 Discussion 
This study has shown that conditioning HFS resulted in significant heterotopic effects 30 
minutes after HFS, including an enhanced perceived intensity to mechanical (pinprick) and 
paired non-painful electrical stimulation in comparison with controls. The paired non-
painful electrical stimuli were accompanied with significantly enhanced responses of the 
ERP N1-P2 peak-to-peak and P300 amplitudes in comparison with controls. 
2.4.1 Potential perceptual correlates of heterosynaptic spinal LTP 
The results of the present study regarding the increased perceived intensity to mechanical 
(pinprick) stimuli are in agreement with Klein et al. [12]. They concluded that this 
increased perceived intensity towards mechanical (pinprick) stimuli in the area 
surrounding the stimulated area is a perceptual correlate of heterosynaptic spinal LTP 
[12]. 
Similarly the enhanced ERP amplitudes observed after HFS in the area adjacent to the 
stimulated area can be interpreted as a neurophysiological correlate of heterosynaptic 
spinal LTP. Firstly, the non-painful stimuli used to elicit the ERPs mainly activate Aß fiber 
afférents while HFS mainly activates nociceptive C-fiber afférents. Secondly, these non-
painful stimuli are delivered in a skin region remote from the HFS area. 
2.4.2 Long-term (inter session) effects observed in the ERPs to paired non-painful 
stimuli 
With regard to behavioral parameters (VAS-scores) the present study showed a significant 
long-term decrease after conditioning in the control group. This can be interpreted as a 
behavioral habituation effect and corresponds with the long-term (inter session) effect of 
the ERP amplitudes. However, in the HFS group a lack of long-term habituation in both the 
behavioral tests and ERP amplitudes was observed. These results regarding the lack of 
habituation of the ERPs after HFS are supported by a study performed by Valeriani et al. 
[22] who investigated habituation effects in the ERPs in response to CO2 laser stimuli in 
patients with migraine. Their design consisted of three repetitive ERP measurements with 
a 5 min interval. In comparison with healthy controls they observed a reduced habituation 
effect in the ERP amplitudes in migraine patients. In order to compare this reduced 
habituation effect in their patients with the effects after HFS, it would be of interest to 
investigate if the ERP amplitude and perceived intensity (VAS-scores) start habituating 
during a later post measurement, e.g. 30 minutes after the first post measurement, or 
whether lack of habituation is maintained for a longer period after HFS. 
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2.4.3 Short-term (intra session) effects observed in the ERPs to paired non-painful 
stimuli 
Another interesting finding in the present study is that short term habituation was 
unaltered after both HFS and control. Thus it seems that HFS does not influence short-
term habituation of paired non-painful stimuli In contrast, Montoya et al. [19] observed a 
lack of short-term habituation of paired pulses in patients with chronic pain, ι e the 
second stimulus was not significantly attenuated in comparison to SI This effect was 
present for early (50 ms) and late (160-360 ms) ERP activity [19]. 
The similarity between present study and the study of Montoya et al is the use of non-
painful stimuli However, at least three possible explanations are conceivable regarding 
the differences in results of short-term habituation between the present study and the 
study of Montoya et al. A first possible explanation is the difference regarding the stimulus 
used. Montoya et al. used tactile stimuli instead of the electrical ones used in the present 
study. We have chosen electrical stimuli because they bypass the processes related to 
receptor transduction, and therefore allow better synchronization of afferent input 
Moreover, recording ERPs m response to electrical stimuli is technically much easier to 
implement m practice than mechanical stimuli like a tactile stimulus Furthermore, in the 
study of Montoya et al medication use cannot be ruled out as a possible confounder 
regarding the lack of short-term habituation. A third possible explanation could be the 
presence of chronic pain, which can be expected to alter somatosensory processing of 
itself. 
It should be noted that in the present study the terms habituation and sensitization are 
merely used as descriptors of behavioral responses (phenomena) rather than underlying 
processes. In our opinion the observed behavioral (VAS) and electrophysiological variables 
are possibly the net outcome of multiple underlying processes At this moment we can 
only speculate about these processes Why we have observed a lack of long-term 
habituation but no lack of short-term habituation is still unclear, however according to 
Rankin et al [17] both short-term and long-term habituation are elicited by different 
underlying cellular mechanisms If we assume that heterosynaptic LTP is induced after 
HFS, the data suggest that this type of LTP only affects long-term habituation (in contrast 
to short-term) of non-painful electrical stimuli. 
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2.4.4 Methodological considerations 
2.4.4.1 Control condition 
It is important to note that we used a different stimulation protocol than Klein et al. [12] 
regarding our control condition. As a control, Klein et al. placed the conditioning electrode 
on a control site, approximately 5 cm from the wrist, without stimulating through this 
electrode. One could raise the question if this is a valid control because one could expect 
effects from the perception of the stimulus itself, regardless of the frequency used. To 
control for these effects one has to give some form of perceived stimulation without 
producing LTP or the opposite; long-term depression (LTD). This we did by applying stimuli 
at 20 χ detection threshold, and of a number and frequency clearly inadequate to produce 
effects such as LTP or LTD. It is very unlikely that the observed decrement of the perceived 
intensity and ERP amplitude in our control group could be a perceptual correlate of LTD. 
Animal research has shown that at least 900 pulses of low frequency stimulation are 
necessary to induce LTD [23]. Similarly Jung et al. [24] investigated the optimal protocol 
for LFS to elicit potential correlates of LTD in humans. The authors needed a minimum of 
300 pulses in order to observe a significant decline in perceived intensity and ERP 
amplitude in comparison with controls. In contrast, the present control condition only 
used five pulses. 
2.4.4.2 Punctate stimulation 
In order to detect punctate hyperalgesia after HFS, a similar methodology described by 
Klein et al. [12] have been used. As we do not have access to their calibrated stainless 
steels wire probes, we used an equivalent calibrated von Frey monofilament, a common 
used method of detecting and quantifying punctate hyperalgesia [25]. In order to be able 
to use the same VAS scale for measuring changes in the intensity of (non-painful) electric 
and (painful) mechanical pinprick stimulation, we used a modified VAS incorporating both 
non-painful and painful stimuli. To our surprise, application of this modified VAS scale, 
used without suggesting the painfulness or non-painfulness of the stimuli applied, resulted 
in subjects not rating their pinprick stimulation within the painful range. Thus, both 
electric and mechanical pinprick stimulation were rated as non-painful stimuli in the 
present study. This surprising outcome regarding the pinprick stimulation does not affect 
the validity of the results because, firstly, despite the different naming by the subjects, the 
technique used to demonstrate the presence of punctate hyperalgesia is the same as used 
in other studies; and secondly, because even if the stimuli were not painful the VAS score 
used is nevertheless capable of detecting and scaling changes in perceived stimulus 
intensity. 
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In summary, conditioning HFS resulted in significant heterotopic effects 30 minutes after 
HFS. These heterotopic effects included increased perceived intensity in response to 
mechanical (pinprick) and paired non-painful electrical stimulation in comparison with 
controls. The paired non-painful electrical stimuli were accompanied by significantly 
enhanced ERP amplitudes in comparison with controls. Within the context of this 
experiment we interpreted these results as a lack of long-term habituation and is a 
potential neurophysiological correlate of heterosynaptic LTP induced after HFS in humans. 
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Introduction: High frequency electrical stimulation (HFS) of primary nociceptive afférents 
m humans induce a heightened sensitivity in the surrounding non-stimulated skin area 
Several studies suggest that this heterotopic effect is the result of central (spinal) 
plasticity The aim of this study is to investigate HFS-induced central plasticity of sensory 
processing at the level of the brain using the electroencephalogram (EEG) To this end we 
measured evoked potentials in response to noxious electrical pinprick-like stimuli applied 
in the heterotopic skin area before, directly after and 30 minutes after HFS 
Results: We observed potential cortical electrophysiological correlates of heterotopic 
facilitation Two different cortical correlates were found, the first one was a lateralized 
effect, ι e a larger N100 amplitude on the conditioned arm than the control arm 30 
minutes after end of HFS This was comparable with the observed lateralized effect of 
visual analogue scale (VAS) scores as response to the mechanical punctate stimuli The 
second correlate seems to be a more general (non-lateralized) effect, because the result 
affects both arms On average for both arms the P200 amplitude increased significantly 30 
minutes after end of HFS with respect to baseline 
Conclusions: We suggest that for studying heterotopic nociceptive facilitation the evoked 
brain response is suitable and relevant for investigating plasticity at the level of the brain 




Long-term potentiation (LTP) is a cellular model for synaptic plasticity [3] and reflects 
increase of synaptic strength [1]. It has been shown by both in vivo (anesthesized animals) 
and in vitro (slice preparations) studies that LTP can also be induced in the nociceptive 
system in response to high frequency stimulation (HFS) [17; 23; 8]. It is believed that LTP 
in nociceptive pathways may underlie some forms of hyperalgesia [24; 28]. 
According to Klein et al. [13] nociceptive LTP can also be elicited in humans after high 
frequency electrical stimulation (HFS) of primary nociceptive afférents. They 
demonstrated the effectiveness of HFS in inducing LTP by observing potential perceptual 
correlates, e.g. increased subjective pain perception in response to single electrical 
stimuli. In this context, LTP is manifested as a heightened sensitivity in the stimulated area 
(homotopic effect). Besides this homotopic effect, Klein et al. also observed an increased 
subjective pain perception in the area surrounding the stimulated area (heterotopic 
effect). This heterotopic effect was observed in response to mechanical punctate stimuli 
[13]. Mechanical punctate stimuli evokes a sharp pain sensation which is believed to be 
signaled by myelinated Αδ nociceptors [19; 29]. Several studies suggest that this 
heterotopic effect, which is also observed in other pain inducing models, is the result of 
central (spinal) plasticity [14; 11; 15; 26]. 
The aim of this study is to investigate HFS-induced central plasticity of sensory processing 
at the level of the brain using the electroencephalogram (EEG). To this end we measured 
evoked potentials [4] to noxious electrical pinprick-like stimuli applied in the heterotopic 
skin area before, directly after and 30 minutes after HFS. Our hypothesis was that 
facilitation of central nociceptive processing would be visible as differences in amplitude 
of the evoked potentials for the stimulated vs. control condition. 
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3.2 Materials and Methods 
3.2.1 Participants 
Eighteen healthy woman volunteers (mean age 24 yr; range, 20 - 31 yr) participated in the 
experiment. Subjects were excluded from the study if they had a history of psychiatric or 
neurological disorder, used medication, or suffered from pre-existing pain or pain 
syndromes. All participants signed an informed consent form. Approval for the experiment 
was obtained from the local Ethical Committee. 
3.2.2 Design: experimental conditioning 
Subjects received trains of 100 Hz (pulse width; 2 ms) for 1 sec. repeated 5 times at 10 sec 
intervals with an intensity of 20 χ detection threshold on the forearm 5 cm distal to the 
fossa cubita. The stimulation trains were delivered via a ring electrode (fig. 1) consisting of 
16 blunt stainless steel pins with a diameter of 0.2 mm protruding 1 mm from the base. 
The 16 pins are placed in a circle with a diameter of 10 mm and serve as cathode. A 
stainless steel reference electrode which serves as anode is concentrically located and has 
an inner diameter of 22 mm and an outer diameter of 40 mm. This electrode is specially 
designed to activate superficial nociceptive afférents with less concomitant recruitment of 
tactile afférents [13]. The opposite arm to the one receiving conditioning stimulation 
served as control. In order to avoid interference of lateral dominance, the stimulated arm 
(HFS) was balanced (dominant or not dominant) across subjects. 
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^ = EEectrode (CE) through which the electrical pinptick-iike test stimuli are applied 
CO) = Electrode (r ine)throughwhich conditioning stimulation (HR>} isapplied 
• Sharp tipped von Frey f i lament used to apply the mechanical punctate test stimuli 
Figure 1. Experimental set-up and design. Left: Positions of the ring electrode used for experimental conditioning 
and the concentric electrode (CE) used to apply the electrical pinprick-like test stimuli. The conditioning 
electrode was placed 5 cm and the concentric electrode 7 cm from the cubita fossa. The mechanical punctate 
test stimuli were delivered between 6 and 7 cm from the cubita fossa on the distal axis. Right: Time-table of the 
experiment. 
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3.2.3 Variables measured 
3.2.3.1 Behavioral measurements (perceptual correlates of heterotopic facilitation) 
3.2.3.1.1 High frequency electrical stimulation 
Changes in pain perception during experimental conditioning stimulation (HFS) were 
tested by asking the subjects after each train to rate the amount of pain on a Visual 
Analogue Scale (VAS) ranging from 0 cm = "no pain" to 10 cm = "unbearable pain". 
3.2.3.1.2 Electrical pinprick-like test stimuli 
In order to quantify the heterotopic effects as a result of experimental conditioning 
stimulation, blocks of twenty single noxious pulses (monopolar square wave; duration 0.5 
ms) were applied on both arms (conditioned and control) before, directly after and 30 
minutes after the experimental conditioning. We chose thirty minutes as a late 
measurement after conditioning stimulation because Klein et al. [12] showed that 
punctate hyperalgesia develops immediately after HFS and then increases slightly over the 
next 40 min, peaking between 40 and 60 min after HFS. Thus we chose thirty minutes 
after HFS in order to be sure the effect was well-established without being in the declining 
phase. 
For the conditioned arm, the stimuli were applied at 2.5 cm outside the area of 
conditioning stimulation, on the control arm the same area was used. The pulses were 
delivered with a random inter-pair interval ranging from 7 to 10 seconds via a concentric 
electrode (CE). Because of its concentric design and small anode-cathode distance this 
stimulating electrode produces a high current density at relatively low current intensities 
[10]. In this way depolarization is preferentially limited to nociceptive Αδ fibers in the 
superficial layer of the dermis without recruitment of deeper lying non-nociceptive Aß 
fibers. Stimulation with this electrode produces a clear and well localized pinprick-like 
painful sensation [9; 10]. In order to quantify the amount of pain as a result of this 
pinprick-like stimulation, subjects were asked to rate, at random times within a train of 5 
single pulses, the pain intensity of the last received stimulus on a VAS. The VAS ranged 
from 0 cm = "no pain" to 10 cm = "unbearable pain" and was used by the subject by 
moving the mouse pointer (vertical line) on a horizontal bar. 
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The single pulses were delivered through the CE using a constant current stimulator 
(Digitimer DS7A, Digitimer UK) and with an intensity of 150% of the individual pinprick 
pain threshold. This individual pain threshold was determined by an ascending sequence 
of increased current intensities (single square wave current pulse; duration 5 ms) starting 
from 0 mA and with steps of 0.1 mA. This procedure stopped when the pain threshold 
(pricking painful sensation) was achieved, as verbally reported by the subjects. This 
threshold determination protocol was performed twice and the mean was used in the 
experiment. 
During stimulation, subjects were comfortably seated in a chair and were instructed to 
passively perceive the stimuli with eyes closed, without making any movements. A 
computer display was placed in front of the subject (0.5 m) together with a computer 
mouse. The display was used to display the VAS, preceded by a tone (65 dB). Participants 
were instructed to open their eyes after the tone and use the mouse to mark the VAS, 
after which they closed their eyes again. 
3.2.3.1.3 Mechanical punctate test stimuli 
A second behavioral test was used to test for effects of HFS on mechanical punctate 
stimuli. A calibrated sharp-tipped von Frey monofilament (size: 6.1, target force: 980 mN, 
Sammons Preston Rolyan, USA) was pressed on the heterotopic skin area (in between the 
CE and the area of conditioning stimulation) of the conditioned arm and on the same area 
of the control arm. After each stimulus, subjects were asked to rate the sensation on a 
modified VAS ranging from 0 cm = "I feel nothing" to 10 cm = "unbearable pain" and at 5 
cm a vertical line representing the transition from non-painful to painfulness. The VAS was 
marked by drawing a vertical line on a horizontal bar. 
3.2.3.2 Electrophysiological measurements (ERP correlates of heterotopic facilitation) 
In order to measure the pinprick-like evoked brain responses, a multi-channel (32 
channels) EEG (Brainvision system) was recorded (band-pass 0.1-100 Hz, sample frequency 
500 Hz) during the electrical pinprick-like stimulation. The electrodes were mounted in an 
elastic electrode-cap and arranged according to the international 10-20 system. Electrode 
CPz was used as reference. Eye movements were detected by horizontal and vertical 
electrooculogram (EOG) recordings. Horizontal EOG was measured from the outer canthus 
of the left eye, and vertical EOG supra orbitally to the left eye. Impedance was kept under 
the 20 kQ for all leads. 
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3.2.4 Procedure (fig. 1) 
At the beginning of the experiment individual pinprick-like pain thresholds for the single 
electric pulse stimulation were determined. The arm on which this pain threshold was 
determined (conditioned or control arm) was balanced across subjects. After this pain 
threshold determination subjects received two blocks (one at each arm) of electrical 
pinprick-like test stimuli as well as a single mechanical punctate stimulus (pre 
measurement). The sequence applied was balanced across subjects; one half of the 
subjects received first the electrical and then the mechanical stimulus, the reversed 
sequence was received by the other half of the subjects. The same procedure was applied 
regarding which arm was tested first. After the baseline measurement (pre) the 
experimental conditioning (HFS) followed. After receiving conditioning stimulation two 
post measurements (post (1) and post (2)) followed. Post (1) was directly after 
conditioning stimulation and post (2) 30 minutes after. The procedures for these two post 
measurements were the same as for the pre measurement. 
3.2.5 Signal analysis 
Evoked potential waveforms measured at the vertex (Cz electrode) were extracted from 
the EEG off-line with Brain Vision Analyzer software version 1.05. As a first step the 
continuous EEG was down-sampled to 500 Hertz (Hz) and high-pass filtered at 1 Hz and 
low-pass filtered at 30 Hz. After that the EEG was segmented, based on the onset of the 
stimulus, into epochs from -100 ms pre-stimulus to 500 ms post-stimulus with a total 
period of 600 ms. Bad segments containing ocular artifacts were removed using the 
Gratton-Coles method [5]. Segments were also inspected for other artifacts like muscle or 
jaw and line noise activity and were removed if necessary. As a last step baseline 
correction (-100 - 0 ms) was applied to all segments which were than averaged to get a 
subject-specific evoked potential waveform. For computing grand average waveforms for 
each condition separately all subject-specific average waveforms were averaged. 
Based on morphology and latency of the grand average waveform three distinct 
amplitudes were defined: (1) N100; most negative deflection after stimulus onset, (2) 
P200; first positive deflection that follows the N100 and (3) P300; most positive deflection 
after P200. To quantify possible differences in the grand average evoked potential 
waveform between different conditions the mean amplitude within a specified time 
window (based on the grand average waveforms) is calculated in each subject-specific 
average [20]. The time window of the N100 is 70-120 ms; P200 is 180-220 ms and P300 is 
260-310 ms. The rationale for using the mean activity instead of the more commonly used 
maximal peak value is that the fewer trials included in the subject-specific average, the 
more residual noise is superimposed on the maximal peak. 
68 
As a result the maximal peak of the subject-specific average will be determined by residual 
noise rather than by the peak of interest. Therefore the mean amplitude is calculated 
instead of the maximal peak because the first one is more stable. 
3.2.6 Statistical analysis 
For statistical analysis the software SPSS v. 16.0 was used. A General Linear Model (GLM) 
repeated measures ANOVA analysis was used to test whether there are statistically 
significant differences regarding the behavioral and electrophysiological measurements 
with respect to the time of measurement (pre, posti and post2) and place (control and 
conditioned arm). In all tests the significance level was set at ρ < .05. 
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3.3 Results 
3.3.1 Behavioral measurements 
3.3.1.1 High frequency electrical stimulation 
The GLM repeated measures ANOVA analysis revealed a significant main effect of Time (F 
(444) = 17.481, ρ < .001, eta2 = .833). Univariate within-subject contrasts showed that 
repetition of trains of high frequency electrical stimuli resulted in a gradual increase of 
pain perception (fig 2): 
- train 1 (M = 6.2) vs. train 2 (M = 6.7) : F (1,17) = 45.911, ρ < .001, eta2 = .730 
- train 2 vs. train 3 (M = 7.3) : F (1,17) = 19.508, ρ < .001, eta2 = .534 
- train 3 vs. train 4 (M = 7.8) : F (1,17) = 42.667, ρ < .001, eta2 = .715 and 
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Figure 2. Mean (and SEM) VAS-scores as response to the conditioning high frequency stimulation. A repetition of 
trains of high frequency electrical stimuli resulted in a gradual increase of pain perception *** = ρ < .001. 
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3.3.1.2 Mechanical punctate test stimuli 
Regarding the mechanical test stimuli the GLM repeated measures ANOVA analysis 
revealed a significant main effect of Time (F (2,16) = 4.161, ρ = .035, eta = .342). The 
univariate within-subject contrasts revealed that on average over both arms the VAS-score 
increased significantly between pre (M = 1.9) and post (1) (M = 2.5) (F (1,17) = 8.801, ρ = 
.009, eta2 = .341) and between pre and post (2) (M = 2.6) (F (1,17) = 4.753, ρ = .044, eta2 = 
.218. There is also a significant main effect of Arm (F (1,17) = 7.694, ρ = .013, eta2 = .312). 
On average over the three time points the VAS-score is different between the two arms; 
conditioned arm M = 2.6 and control arm M = 2.1. 
More interestingly a significant Time χ Arm interaction effect (F (2,16) = 3.952, ρ = .040, 
eta2 = .331) was found. The univariate within-subject contrasts showed a statistically 
significant difference in VAS-score on post2 (versus pre) between the two arms 
(conditioned vs. control arm) (F (1,17) = 8.331, ρ = .010, eta2 = .329). The VAS-score 
observed at the conditioned arm was significantly higher (M = 3.1) than the VAS-score 
observed at the control arm (M = 2.1) 30 minutes after experimental conditioning 
stimulation (fig. 3A). 
Post hoc tests (paired t-tests) showed a significant increase in VAS-score of the 
conditioned arm between pre (M = 2.0) and post (1) (M = 2.7) (t (17) = -2,854, ρ = .011) 
and between pre (M = 2.0) and post (2) (M = 3.1) (t (17) = -2,892, ρ = .010). P-values are 
corrected for multiple comparisons using the Bonferroni correction. No significant changes 
in VAS-scores were observed for the control arm. 
3.3.1.3 Electrical pinprick-like test stimuli 
For the VAS-score observed during the electrical pinprick-like stimulation the GLM 
repeated measures ANOVA analysis revealed a significant main effect of Time (F (2,16) = 
6.218, ρ = .010, eta = .437). The univariate within-subject contrasts revealed that on 
average over both arms a significant decrease was present of the VAS-score between pre 
(M = 3.4) and posti (M = 2.7) experimental conditioning stimulation (F (1,17) = 12.852, ρ = 
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Figure 3. A) Mean (and SEM) VAS-scores as response to mechanical punctate test stimulation. The VAS-score 
observed at the conditioned arm was significantly higher than the VAS-score observed at the control arm 30 
minutes after experimental conditioning stimulation (post (2)) * = ρ < .05. Β) Mean (and SEM) VAS-scores as 
response to electrical pinprick-like test stimulation. Averaged for both arms a significant decrease of the VAS-
score was present between baseline (pre) and post (1) experimental conditioning stimulation * = ρ < .05. 
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3.3.2 Electrophysiological measurements 
The grand average evoked potential waveforms for each measurement (pre, post(l) and 
post (2)) and arm (conditioned vs. control) as well as the means (and SEM) of the distinct 
N100, P200 and P300 amplitudes are summarized in figure 4A and B. 
3.3.2.1 Evoked potential N100 amplitude 
The GLM repeated measures ANOVA analysis revealed a significant Time χ Arm interaction 
effect for the N100 amplitude (F (2,16) = 4.891, ρ - .022, eta2 = .379). The univariate 
within-subject contrasts showed a statistically significant difference in N100 amplitude 
between the two arms (conditioned vs. control arm) at post (2) (F (1,17) = 6.116, ρ = .024, 
eta2 = .265). The N100 amplitude observed at the conditioned arm (M = -2.4) was 
significantly larger than the N100 amplitude observed at the control arm (M = -1.1) 30 
minutes after experimental conditioning stimulation (fig. 4B). 
3.3.2.2 Evoked potential P200 amplitude 
For the P200 amplitude the GLM repeated measures ANOVA analysis revealed a significant 
main effect of Time (F (2,16) = 4.595, ρ = .027, eta = .365). The univariate within-subject 
contrasts revealed on average for both arms a significant increase of the P200 amplitude 
between pre (M = 1.4) and post (2) (M = 2.2) experimental conditioning stimulation (F 
(1,17) = 8.215, ρ = .011, eta2 = .326) (fig. 4B). 
3.3.2.3 Evoked potential P300 amplitude 
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Figure 4. A) Grand average evoked potent ia l wavef orms. Plotted are the grand averaged evoked potent ials 
w a v e f o r m s f o r each m e a s u r e m e n t (pre, post (1) and post (2)) c o m p a r e d b e t w e e n t h e t w o arms (contro l vs. 



























B) Histograms representing the N100, P200 and P300 evoked potential amplitudes for each arm (control vs. 
conditioned) at every measurement (pre, post (1), post (2)). 
* The N100 amplitude observed at the conditioned arm was significantly (p < .05) larger than the N100 
amplitude observed at the control arm 30 minutes after experimental conditioning stimulation (post (2)). 
* Averaged for both arms the P200 amplitude significantly (p < .05) increased between baseline (pre) and 30 
minutes after experimental conditioning stimulation (post (2). 
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3.4 Conclusion and Discussion 
This study has shown that conditioning HFS resulted in significant heterotopic effects after 
stimulation. These heterotopic effects included: 
(1) an enhanced perceived intensity in response to mechanical punctate stimulation 
observed at the conditioned arm (in comparison with control arm) 30 minutes after HFS; 
(2) averaged for both arms we observed a decreased perceived intensity (VAS) as 
response to electrical pinprick-like stimulation (in comparison with baseline) directly after 
HFS; 
(3) an enhanced evoked brain response around 100 ms (N100) observed at the 
conditioned arm (in comparison with control arm) 30 minutes after HFS; 
(4) averaged for both arms we observed an enhanced evoked brain response around 200 
ms (P200) (in comparison with baseline) 30 minutes after HFS and 
(5) no effects on P300 amplitude. 
3.4.1. Perceptual correlate of heterotopic facilitation 30 minutes after HFS 
The observed increased perceived intensity to heterotopically applied mechanical 
punctate stimuli after HFS is in agreement with Klein et al. [13] and Van Den Broeke et al. 
[27] and likely involves heterosynaptic facilitation [14; 15]. At present it is still unclear 
which underlying mechanism(s) is/are responsible for the development of this 
heterosynaptic effect [14; 25]. 
There are studies reporting evidence for a role of mechanosensitive myelinated Αδ 
nociceptors in mediating the sharp pain evoked by mechanical punctate stimuli in healthy 
skin and in the heterotopic skin site after the application of capsaicin [19; 29]. In the 
present study, an increase in VAS-score to sharp tipped von Frey monofilament 
stimulation was indeed observed after HFS, but the ratings of the mechanical stimuli at 
baseline (before conditioning) were not rated as being painful. Thus, strictly speaking, we 
did not demonstrate hyperalgesia, for which the stimulus should be rated as painful 
before conditioning stimulation and should increase in rating after the intervention [18]. 
The observed effect cannot be labeled as allodynia either, because then the non-noxious 
stimulus should become painful [18] after HFS but this is clearly not the case, either. Two 
factors may play a role in this difference between our results and those of other groups 
studying human HFS. Firstly, the other groups [13] did not use a scale allowing intensity 
rating in the non-painful range - thus making it possible that they missed the non-painful 
nature of their stimuli. Secondly, there may have been differences in the nature of 
punctate stimulation used between the groups. 
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The two stimuli (mechanical, electrical) used in this study for perceptual correlates of 
heterotopic facilitation are in principle differently processed by the peripheral nervous 
system. Electrical stimuli directly depolarize the afferent nerve fiber, bypassing the 
processes related to receptor transduction. They therefore allow better synchronization of 
the afferent input. In contrast, mechanical stimuli are processed via mechanoreceptor 
transduction at the nerve ending. Theoretically, the mechanical stimulus is selective in 
activating mechanosensitive fibers, while electrical stimuli are not. Moreover, mechanical 
stimulation is a natural stimulus but electrical is not. 
3.4.2 Electrophysiological correlate of heterotopic facilitation 30 minutes after 
HFS 
In contrast to the mechanical stimuli, the electrical noxious pinprick-like stimuli were rated 
as painful because at the beginning of the experiment we determined the individual pain 
threshold as a basis for subsequent suprathreshold stimulation during the experiment. We 
observed an enhanced N100 amplitude (in comparison with control arm) evoked by these 
stimuli to be present 30 minutes after HFS. This agrees with the observed enhanced VAS-
score (in comparison with the control arm) to the heterotopically applied mechanical 
stimuli, suggesting that the N100 amplitude might be a electrophysiological correlate of 
heterotopic facilitation. From a neurophysiological point of view the amplitude of the 
evoked potential waveform represents the synchronized activity of the underlying neural 
population [2]. Thus a larger EP amplitude means that more (cortical) neurons fire 
synchronously. Because the N100 is a relatively early component it probably reflects an 
early stage of sensory processing. It is interesting to note that we did not observe a similar 
effect as found on the N100 amplitude in the VAS scores on the measurement 30 minutes 
after HFS. Clearly the facilitated electric input was not subjectively detectable for the 
subjects for these stimuli. 
Besides the enhanced N100 we also observed an enhanced P200 amplitude (in 
comparison with baseline and averaged for both arms) on the post (2) measurement. At 
present it is still unclear what process the P200 amplitude reflects but because the effect 
involved both arms it suggests a more general (non-lateralized) effect. 
An interesting question is whether these observed changes in ERP amplitudes are solely 
the result of spinal changes or also supra spinal or (sub) cortical changes. Based on animal 
studies, it has been suggested that LTP in cortical structures, e.g. anterior cingulated 
cortex (ACC), might also accompany peripheral nociceptive input [30]. However, while the 
ERP effects seen in our study must originate in the brain (cortex), it is evident that the 
present study does not permit definitive distinction as to the origin of the changes 
observed. Furthermore, polysynaptic evoked responses, such as the ERP, are not suitable 
for directly studying variations in monosynaptic strength such as caused by LTP [24]. 
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To date there is but one animal (PET) study localizing changes in the metabolic response to 
peripheral nociceptive input after HFS of the sciatic nerve to the brain [6]. In this study the 
authors observed an increase in metabolic response (in comparison to sham) directly after 
HFS in the primary somatosensory cortex congruent with the area of the stimulated limb. 
However, this effect was already fading 150 min after HFS. Interestingly, the authors did 
observe an increase in brain activity (in comparison to sham) on the measurement 150 
minutes after HFS in areas such as: amygdala (including adjacent cortical areas and 
striatum), periaquaductal grey (PAG) and rostral ventromedial medulla (RVM) [6]. 
3.4.3 Decrease of pain perception directly after HFS 
Directly after HFS we observed a decrease in perceived pain intensity in response to the 
electrical pinprick-like stimuli. Remarkably, we could not detect a correlate of this 
observed VAS effect in the evoked waveforms in the EEG. Several hypotheses could be put 
forward to explain this decrease in perceived pain intensity. One possibility is to ascribe 
the effect to habituation; a decrease in response to a stimulus when that stimulus is 
presented repeatedly [22]. Alternatively, the observed VAS effect could be similar to the 
effect observed after heterotopic noxious conditioning stimulation (HNCS) paradigms [21]. 
In this paradigm the pain intensity to a 'test' stimulus before and after a 'conditioning' 
stimulus (e.g. Ice water bath) is measured. The conditioning stimulus is typically applied to 
another body part than that of the test stimulus. The observed effect is usually a reduction 
of the test pain intensity after the conditioning stimulus, an effect attributed to diffuse 
noxious inhibitory controls (DNIC), demonstrated in both animals [16] and humans [21]. It 
is believed that DNIC and HNCS are manifestations of the involvement of the descending 
neural endogenous analgesia system [16; 21]. A final possible explanation is the 
comparison effect. Here, the test stimuli applied directly after HFS could be compared by 
the subject with the conditioning HFS. After HFS, test stimuli might then be judged to be 
less painful. 
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3.4.4 Potential implications 
To our knowledge this is the first study that investigated the heterotopic effect induced 
after HFS in humans with evoked potentials as response to noxious electrical pinprick-like 
stimuli. We observed potential cortical electrophysiological correlates of heterotopic 
facilitation. Two different cortical correlates were found; the first one was a lateralized 
effect, i.e. a larger N100 amplitude on the conditioned arm than the control arm 30 
minutes after end of HFS. The second correlate seems to be a more general (non-
lateralized) effect, because the result affects both arms. On average for both arms the 
P200 amplitude increased significantly 30 minutes after end of HFS with respect to 
baseline. 
It is interesting to note that both effects appears only after 30 minutes after HFS which 
was remarkably similar for the observed lateralized effect of VAS-scores as response to 
the mechanical punctate stimuli. This in contrast with the VAS-scores observed during the 
electrical pinprick-like stimulation, which showed no similar pattern to the EPs. Equally, 
the decrease in VAS-score directly after HFS, which might reflect a DNIC-like effect, was 
also not reflected in the evoked potential waveforms. Clearly the elicited brain response 
can be dissociated from the perceived pain intensity, something that has been observed 
more by a number of other authors, see for this topic [7], In conclusion, we suggest that 
for studying heterotopic facilitation the evoked brain response is suitable and relevant for 
investigating plasticity at the level of the brain and is perhaps a more sensitive and reliable 
marker than the perceived pain intensity (e.g. VAS). 
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Abstract 
Background: Women who undergo breast cancer surgery have a high risk of developing 
persistent pain We investigated brain processing of painful stimuli using EEG (event-
related potentials (ERPs)) in patients with persistent pain after breast cancer treatment 
Methods: Nineteen patients (8 women with pain, 11 without pain), treated > 1 year ago 
for breast cancer via surgery (mastectomy or lumpectomy and axillary lymph node 
dissection) and/or chemo/radiotherapy were recruited and compared to eleven healthy 
female volunteers A block of 20 painful stimuli was applied to the calf, somatopically 
remote from the initially injured or painful area Simultaneously the EEG was recorded, 
and a pain visual analogue scale (VAS) rating obtained 
Results: In comparison to healthy volunteers, breast cancer treatment without persistent 
pain is associated with stimulus processing that is speeded (reduced P260 latency) and 
shows a tendency to be less intense (lower P260 amplitude) In comparison to patients 
without persistent pain, persistent pain after breast cancer treatment is associated with 
stimulus processing that is both delayed, ι e increased latency of the ERP positivity 
between 250-310 ms (P260), and enhanced, ι e enhanced P260 amplitude 
Conclusion: These results show that the two conditions, ι e treatment and persistent 
pain, have opposite effects on cortical responsiveness 
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4.1 Introduction 
Over the years interest has grown m the alterations in brain processing present m patients 
with persistent pain Brain imaging techniques like fMRI and PET have been used to 
investigate brain function by measuring the evoked response to applied somatosensory 
stimuli [1,2] The results regarding altered pain processing by the brain in the context of 
persistent pain are highly incongruent, perhaps due to large variability between the 
patients regarding pain history, pain etiology, pain distribution and psychological 
characteristics 
Use of a postoperative model may help overcome some of these problems, because it 
permits study of a homogenous patient population regarding pain etiology, pain 
distribution and treatment Furthermore this model makes it possible to differentiate 
between the effect of treatment and the effect of pain because a comparative patient 
group (same treatment but no pain) can be included for comparison 
It has been shown that women who undergo surgery for breast cancer have a high risk of 
developing persistent postsurgical pain [3,4,5,6] This pain persistence is difficult to treat 
and accompanied by a significantly diminished quality of life [5,7] 
The often used generic term postmastectomy pain syndrome in cases of persistent pain 
after breast cancer treatment might suggest a homogeneous disease category But this is 
debatable [8] In fact, different types of pain have been observed after breast cancer 
treatment, like phantom breast pain [3,9], scar pain [10], neuropathic pain [6], complex 
regional pain syndrome [11], pain arising from the axillary web syndrome (AWS) [12] and 
the more recently prospectively investigated myofacial pain syndrome, which is typically 
observed during the first year after breast surgery including axillary lymph node dissection 
[13] 
The etiology of persistent pain after breast cancer treatment is probably multifactorial [8] 
This because breast cancer treatment includes different types of surgical interventions 
(ι e mastectomy, lumpectomy, sentinel lymph node biopsy and axillary lymph node 
dissection), and adjuvant therapies like chemo-, radiation- and endocrine-therapy All 
these interventions may contribute to the development of the persistent pain, and could 
have their own characteristics However, nerve damage and radiotherapy appear to be 
significant risk factors [8] 
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A frequently observed phenomenon in persistent postsurgical pain conditions, and also in 
patients after breast cancer surgery, is a change in the sensitivity of tactile and pain 
processing This change consists of a combination of sensory loss, particularly m the skin 
innervated by the possibly damaged nerves, and hypersensitivity [4,6,8,14,15] 
To our knowledge, studies investigating the evoked brain response using 
electroencephalography (EEG) in the context of persistent postsurgical pain are scarce 
[2,16] In contrast to fMRI and PET, EEG directly measures neuronal activity, furthermore 
it makes it possible to study the sequential activation of different brain structures in time 
The aim of this study is to investigate brain processing of painful stimuli using EEG (or 
more specifically, event-related potentials (ERPs)) in patients with persistent pain after 
breast cancer surgery To investigate possible changes in ERPs as result of the presence of 
pain these results (ι e from patients with pain) are compared to those in women without 
persistent pain after breast cancer surgery In addition we aim to investigate possible ERP 
changes as result of breast cancer treatment by comparing the results of the patients 
without pain with healthy female volunteers Our mam hypothesis is that persistent pain is 
associated with an enhanced brain response to painful stimuli 
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4.2 Materials and Methods 
4 2 1 Ethical Statement 
Approval for the study was obtained from the medical and ethical review board 
committee region Arnhem-Nijmegen, Nijmegen, The Netherlands (NL 30189 091 09) All 
subjects signed an informed consent form 
4 2 2 Participants 
Nineteen patients (8 women with pain and 11 without pain) who were treated for breast 
cancer were recruited from a clinical database of the Radboud University Nijmegen 
Medical Centre At the moment of inclusion none had evidence for metastases or disease 
recurrences All patients (with and without pain) had been operated > 1 year ago at the 
time of participating Patients all underwent a mastectomy or lumpectomy and axillary 
lymph node dissection (ALND) but no breast reconstruction The rationale for investigating 
this population of patients is the high incidence of persistent pain after this type of surgery 
(mastectomy or lumpectomy +ALND) [3,4] Only patients who had unilateral breast cancer 
were included Persistent pain was defined as pain persisting continuously or 
intermittently for more than 3 months after surgery [17] 
Besides patients, also eleven healthy female volunteers were recruited from the Nijmegen 
area Patients as well as healthy volunteers were excluded from the study if they 
1) underwent breast reconstruction, 
2) had a psychiatric or neurological condition (for patients, neurological signs as a 
result of the treatment excepted) 
3) used pain medication or other medication that potentially affects brain 
processing like anti-depressants, anti-psychotics, anti-epileptics and 
benzodiazepines (hormone therapy as adjuvant therapy used by the patients 
excepted), 
4) suffered from any pre-existing pam or pain syndrome 
Subjects were instructed not to consume caffeine-containing beverages for twelve hours 
before the recording session This to avoid the caffeine-induced theta decrease m EEG 
[18] 
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4 2 3 Variables measured 
4 2 3 1 Demographic and clinical characteristics 
The composition of the two breast cancer surgery groups (with and without pain) was 
based on a standardized question (obtained via a interview by telephone) whether the 
patient experienced ongoing pain (yes or no) as a result of the breast cancer treatment 
For confirmation, the same question was asked again on the day of measurement, 
together with an additional standardized question (only if the patient experienced pain) 
regarding pain intensity as a measure of past experienced pain load ('What is the 
averaged intensity of the breast treatment-related pain during the last three months on a 
numeric 0-10 rating scale (NRS)7') 
Other demographic and clinical characteristics that were obtained are age, menopausal 
status, surgical treatment, chemo-, radiation-, hormone therapy 
Patients who undergo axillary lymph node dissection during breast cancer treatment are 
at risk for developing lymphedema [19] Hypothetically, this could contribute to the 
persistence of pain Therefore we measured limb volume differences (unaffected vs 
affected limb) as an indirect reflection of the possible presence of lymphedema To do so, 
we measured the limb volume of both sides (arms) via water displacement [20] Subjects 
were instructed to lower their arm slowly into a fully filled volume meter and asked to 
stop when the top of the volume meter came in contact with the axilla [20] The amount 
of spilt water was collected m a measuring cup (ml) 
The volume of the opposite (control) arm was also measured The difference m volume of 
spilt water between the two sides (affected and control) was calculated This test was also 
performed m the healthy volunteers to test if there are normally differences m volume 
between the two sides 
Data about the type of pam and pain-related sensory signs m the patients with pain were 
collected using the DN4 (Douleur Neuropathique 4) questionnaire [21,22] This 
questionnaire includes pain descriptors as well as three clinical tests reflecting altered 
somatosensory processing The tests were performed by a physical therapist For 
measuring hypoesthesia to touch a Senselab brush-05 (Somedic) was applied on different 
skin sites m the location of the pain For measuring hypoesthesia to pinprick a Semmes-
Wemstem monofilament (nr 5 07, 10 0 g) was applied to different skin areas in the 
location of the pain For measuring brush evoked or increased pain within the location of 
pain, the same brush as for hypoesthesia was used The effects of stimulation of the first 
two clinical tests (hypoesthesia to touch and pinprick) were quantified by comparing the 
skin sites m the location of pain to a control site on the contralateral body site 
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It is important to mention that in this study the DN4 questionnaire is not used as a 
screening or diagnostic instrument for neuropathic pain because at present it is not 
validated for this purpose in this population of surgical patients. Thus we used the DN4 
exclusively to collect data regarding the clinical qualitative characteristics of the pain 
syndrome. 
Patients of both groups (with and without persistent pain) were asked if they had 
experienced tactile hypaesthesia or numbness since their treatment. If they did they were 
asked to draw on a map the size and anatomical area of hypaesthesia. 
4.2.3.2 Electrophysiological measures 
A multi-channel electroencephalogram (EEG) (BrainVision, Brain Products GmbH, 
Waldkirch, Germany) was recorded during the experiment (band-pass 0.1-100 Hertz (Hz), 
sample frequency 2000 Hz) with 64 active electrodes mounted in an elastic electrode-cap. 
The electrodes were arranged according to the international 10-20 system and electrode 
CPz was used as common reference. Eye movements were detected by horizontal and 
vertical electrooculogram (EOG) recordings. Horizontal EOG was measured from the outer 
canthus of the left eye, and vertical EOG supra orbital to the left eye. Impedance was kept 
under 20 kO for all leads. 
4.2.3.3 Painful stimulation 
Subjects received painful stimulation on the calf, between the medial and lateral head of 
the gastrocnemius, using a concentric electrode (CE) [14]. Because of its concentric design 
and small anode-cathode distance this stimulating electrode produces a high current 
density at relatively low current intensities. In this way depolarization is more limited to 
the superficial layer of the dermis (where nociceptive (Αδ) fibers are present) with less 
recruitment of deeper lying non-nociceptive fibers. Stimulation with this electrode 
produces a pinprick-like painful sensation. The stimulated site was balanced across 
patients regarding affected side. In healthy subjects balancing was according to lateral 
dominance. 
The stimulation protocol consisted of 20 double pulses (monopolar square wave; duration 
0.5 milliseconds (ms) and double-pulse interval 5 ms) with a random inter-pair interval 
ranging from 7 to 10 seconds. The double pulses were delivered through the CE using a 
constant current stimulator (Twister®, Dr. Langer Medical GmbH, Germany) and with an 
intensity of 150% of the individual pain threshold. This individual pain threshold was 
determined by an ascending sequence of increasing current intensities starting from 0 
milliampere (mA) and in steps of 0.5 mA. This procedure stopped when the pain threshold 
was achieved, as verbally reported by the subjects. 
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This threshold determination protocol was performed twice and the mean was used in the 
experiment to set intensity of stimulation. 
During stimulation, subjects were comfortably seated in a chair and were instructed to 
passively perceive the stimuli with eyes closed (as this condition is less prone to artifacts), 
without making any movements. A computer display was placed in front of the subject 
(0.5 m) together with a computer mouse. The display was used to show the visual 
analogue scale (see 4.2.3.4), preceded by a tone (65 dB). Participants were instructed to 
open their eyes after the tone and use the mouse to mark the VAS, after which they 
closed their eyes again. 
4.2.3.4 Behavioral measure 
In order to quantify the amount of pain as a result of the painful stimulation, subjects 
were asked to rate, at random times within a train of 5 double pulses, the amount of pain 
caused by the last received stimulus on a visual analogue scale (VAS). The VAS ranged 
from 0 cm = "no pain" to 10 cm = "unbearable pain" and was rated by the subject by 
moving the mouse pointer (vertical line) on a horizontal bar. 
4.2.4 Procedure 
At the beginning of the experiment demographic and clinical characteristics were 
collected. Next, the individual pinprick-like pain thresholds for the double pulse 
stimulation were determined. Finally, subjects received the experimental painful 
stimulation with simultaneous recording of the EEG. 
4.2.5 Signal analysis 
4.2.5.1 Event-related potentials 
The EEG was analyzed offline using the software Brain Vision Analyzer v. 2.0 and Matlab 
2011a. As a first step the continuous EEG was referenced to a common average (i.e. all 
electrodes). Next, the EEG signal (2500 Hz) was high-pass filtered at 1 Hz and low-pass 
filtered at 30 Hz. Based on the onset of the stimulus, the EEG was segmented into epochs 
from -100 ms pre-stimulus to 1000 ms post-stimulus with a total period of 1100 ms. Bad 
segments containing ocular artifacts were corrected using the Gratton-Coles method [24]. 
Segments were also inspected for other artifacts like muscle or jaw and line noise activity 
and were removed if necessary. As a last step baseline correction (-100 - 0 ms) was 
applied to all segments. For each subject separately, all segments were averaged to obtain 
an averaged subject-specific event-related potential waveform. 
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ERP components were defined in terms of their latency and topographic distribution. 
Subsequently the grand average global field power (GFP) of all subjects was calculated 
[25,26]. Next, we calculated the topographic voltage distribution corresponding to the ERP 
latencies identified in the GFP plot. Then we identified the electrode in the topographic 
plot which shows the maximal activity and used this electrode for subsequent analysis. To 
insure accurate identification of point of maximal activity we also inspected the grand 
average ERPs (of all electrodes) for all subjects. Individual ERP latencies were determined 
in the individual GFP plot corresponding to the windows of the grand average GFP 
latencies [26]. The mean amplitude of each ERP component was calculated at the 
individual GFP-latency ± 5 ms at the electrode of maximal activity [26]. 
The rationale for using the mean activity instead of the more commonly used maximal 
peak value (baseline-to-peak) is that, the fewer trials included in the subject-specific 
average, the more residual noise is superimposed on the maximal peak, and thus the 
more the maximal peak of the subject-specific average will be determined by residual 
noise rather than by the peak of interest. Therefore we calculated the mean amplitude 
instead of the maximal peak amplitude because the former value is more stable and 
representative of evoked activity [27]. 
4.2.6 Statistical analysis 
For statistical analysis the software package Graphpad Prism 5 was used. 
Because of the small sample sizes and non-Gaussian distributions, non-parametric test 
statistics were used for between-group comparisons. A Kruskall-Wallis test statistic (H) 
was used for ratio variables. In the present study only two pairs of post-hoc comparisons 
were tested; healthy volunteers vs. patients without pain (effect of treatment) and 
patients without pain vs. patients with pain (effect of pain). The Dunn's multiple 
comparisons test, which corrects for the number of statistical tests, was used as post-hoc 
test. The effect size r was calculated as the Z-score divided by the square root of the total 
number of observations. Categorical variables were tested using the Chi-squared (χ ) test 
statistic (p < .05). 
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4.3 Results 
4.3.1 Clinical and demographical characteristics 
Clinical and demographical characteristics are shown in table 1A-C and 2. 
No statistically significant differences were observed between the three groups with 
respect to age and limb volume differences. Median (and inter-quartile ranges) age and 
limb volume differences scores are shown in table 1. 
A significant association (χ2 (2) = 7.972, ρ = .019) was observed between condition (healthy 
volunteers and patients) and menopausal status (pre and post). As can be seen in table 1, 
all patients (with and without pain) are post menopausal, whereas 44% of healthy 
volunteers are pre menopausal. 
No significant associations were observed between the two patient groups (with and 
without pain) regarding the type of surgical intervention (MAST + ALND or LUMP + ALND) 
and incidences of adjuvant therapies (chemo-, radiation- or hormone therapy and tactile 
hypaesthesia (numbness)), see also table 1 for incidences. The results obtained from the 
DN4 questionnaire are shown in table 2. Figure 1 shows the topography of hypaesthesia 
(numbness) drawn by the patients (with and without pain). 
4.3.2 Stimulation intensity 
No statistically significant differences were observed between the three groups regarding 
the applied stimulation intensities for noxious stimulation for ERPs. Median (and inter­
quartile ranges) stimulation intensities were: healthy volunteers 3.0 (2.7 - 4.2) mA, 
patients without pain 3.3 (3.0 - 3.7) mA, patients with pain 3.9 (2.7 - 4.7) mA. 
4.3.3 Behavioral tests 
No statistically significant differences were observed between the three groups regarding 
the VAS-scores obtained during the noxious stimulation. Median (and inter-quartile 
ranges) VAS-scores were: healthy volunteers 4.2 (2.5 - 4.7) cm, patients without pain 3.0 
(2.4 - 5.9) cm, patients with pain 2.5 (1.6 - 4.2) cm. 
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Patients without pain 
Patients with pain 
Figure 1. Area of tactile hypaesthesia (numbness). This figure shows the topographical map of areas of tactile 
hypaesthesia (numbness) drawn by the patients without pain and with pain. The scale of percentages shown in 
the legend represents the number of patients (converted to percentages) that marks that area as hypaesthetic. 
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Table 1. Demographic and clinical characteristics of the patients with pain (A), without pain (B) and 
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Abbreviations: MAST = mastectomy, LUMP = lumpectomy, ALND = axillary lymph node dissection with between 
brackets the level of axillary dissection I, II or III [28], TAC = docetaxal (Taxotere*) + doxorubicin (Adriamycm") 
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Abbreviations: MAST = mastectomy, LUMP = lumpectomy, ALND = axillary lymph node dissection with between 
brackets the level of axillary dissection I, II or III [28], TAC = docetaxal (Taxotere*) + doxorubicin (Adnamycin·) + 































































Table 2. Results of the DN4 questionnaire Shown are the individual patient characteristics as well as 
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4.3.4 Event-related potentials 
Based on the grand average Global Field Power (GFP) and corresponding topographic 
representations of all subjects (N=30) shown in figure 2, we defined four distinctive ERP 
components: 
1. A negative voltage between 110-180 milliseconds (ms), maximal at electrode FCz, which 
we label as N150, 
2. A positive voltage between 190-230 ms, maximal at Cz, which we label as P200, 
3. A positive voltage between 250-310 ms, maximal at FCz, which we label as P260, 
4. A positive voltage between 310-380 ms, maximal at Cz, which we label as P350. 
Figure 3 shows the topographic representations of the ERP components for each group at 
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Figure 2. Grand average global field power (GFP) and corresponding topographic representations. 
A) Grand average GFP (N=30). The dotted lines Indicate peak latency of the different ERP components. Four 
different components can be identified: (1) A negative voltage between 110-180 ms, maximal at FCz, labeled as 
N150; (2) A positive voltage between 190-230 ms, maximal at Cz, labeled as P200; (3) A positive voltage between 
250-310 ms, maximal at FCz, labeled as P260; (4) A positive voltage between 310-380 ms, maximal at Cz and 
labeled as P350. 
B) Topographic representations of the ERP components at the ERP latencies (N=30). To best illustrate the 
maximal activity in each representation we adjusted the scale to its maximal absolute values (for increases and 
decreases in voltages). As a result the scale differs between the different representations and is therefore leaving 
out. 
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N150 (154.8 ms) P200 (208.0 ms) P260 (262.0 ms) P350 (344.4 ms) 
Decrease Increase 
(μν/m2) (μν/m2) 
Figure 3. Group-specific topographic representations. Shown are the topographic representations of the 
different ERP components at the ERP latencies (fig. 2). Top row are the topographic representations of the 
healthy volunteers, middle row of the patients without pain and the lowest row represent the topographic 
representations of the patients with pain. To best illustrate the maximal activity in each representation we 
adjusted the scale to its maximal absolute values (for increases and decreases in voltages). As a result the scale 
differs between the different representations and is therefore leaving out. 
4.3.4.1 ERP amplitude 
There were no statistically significant differences regarding N150, P200 and P350 between 
groups. Median and inter-quartile ranges are shown in table 3. A statistical difference was 
observed for the P260 between the three groups (H (2) = 6.490, ρ = .039). Dunn's post-hoc 
tests revealed a statistically significant difference between patients with pain vs. patients 
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Patients with pain 
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Time (ms) 
Figure 4. ERP waveforms. Grand average ERPs observed from FCz showing the P260 differences (A = effect of 
treatment, Β • effect of pain). Upward deflection is positive charge and downward is negative charge. 
Representations of ERPs are with respect to common reference. 
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4 3.4.2 ERP latency 
A statistically significant difference was observed between the three groups (H (2) = 9.367, 
ρ = .009) regarding P260 latency. Dunn's post-hoc tests revealed a statistically significant 
difference between patients without pain and healthy volunteers (p < .05; effect size r = 
58) but also between patients with pain vs. patients without pain (p < .05; effect size r = -
56). Median and mter-quartile ranges are shown m table 3. 
Table 3. ERP amplitude and latencies. Shown are the medians (and mter-quartile ranges) of the ERP amplitude 
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To our knowledge this is the first study to investigate cortical processing by means of EEG 
and with this kind of stimuli in this group of patients. In comparison to patients without 
persistent pain, persistent pain after breast cancer treatment is associated with delayed 
and enhanced stimulus processing as reflected in an increased latency and enhanced 
amplitude of the ERP positivity between 250-310 ms (P260). Moreover, in comparison to 
healthy volunteers, breast cancer treatment is associated with a speeding of (reduced 
P260 latency) and a tendency towards a less intense (smaller P260 amplitude) stimulus 
processing. These results suggest that the two conditions, i.e. treatment and pain 
persistence, have opposite effects regarding cortical responsiveness. 
4.4.1 Breast cancer treatment and cortical processing 
The comparison between patients without pain and the healthy volunteers reveals the 
effect of treatment on cortical processing. This comparison revealed a speeding of 
stimulus processing (reduced P260 latency) in patients without pain compared to the 
healthy volunteers. Moreover, there is a smaller late ERP amplitude (P260) in patients 
without pain vs. the healthy volunteers, however, not statistically significant according to 
the Dunn's post hoc test. This is probably due to the small sample sizes and the fact the ρ 
value has to be corrected for multiple comparisons. Indeed the effect size is r = -.45. 
Kreukels et al. [29] did observed a lower ERP amplitude in disease-free breast cancer 
survivors who were treated for breast cancer. All patients underwent surgery and 
radiotherapy. In this study the authors investigated the effect of different chemotherapy 
regimens on ERP activity in response to auditory stimuli (by using an oddball paradigm). 
Overall they observed a significantly reduced late ERP (i.e. P3) amplitude between patients 
that received chemotherapy as compared to matched control patients who had not 
received chemotherapy. Moreover a shorter P3 latency was observed after 
chemotherapy. The authors did not find any changes in mid-latency N l ERP amplitude or 
latency between the two groups (with and without chemotherapy), a finding in agreement 
with the present study. 
Are there alternative factors that can explain the reduced brain activity? Regarding 
hormone therapy Kreukels et al. [29] performed an additional sub analysis on their data in 
which they compared the ERP P3 amplitude between current, past and never users of 
tamoxifen. They found no significant difference in P3 amplitude between the three 
groups, suggesting that tamoxifen (and perhaps also other hormone therapy regimens) 
cannot explain the observed ERP reduction. 
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An as yet undefined pathophysiological process subsequent to amputation, e.g. 
deafferentation, might also change EEG activity [30]. This argument is based on the study 
of Karl et al. [30]. Although not statistically significantly different, a lower P3 amplitude 
was observed in the amputees without pain compared to the healthy controls. 
When we look at the clinical and demographic characteristics (table 1) the proportion of 
premenopausal status between healthy women compared to the patients without pain is 
different. Theoretically, this could be a further factor explaining the differences in P260 
amplitude between the two groups. 
4.4.2 Persistent pain and cortical processing 
The comparison between patients with and without pain reveals the effect of the 
presence of persistent post-surgical pain on cortical processing. Based on the results 
mentioned in paragraph 4.4.1 of this discussion we suggest that breast cancer treatment 
(i.e. chemotherapy) affects late ERP activity, i.e. lower ERP amplitude and shorter latency. 
The larger ERP amplitude (and increased latency) seen in the patients with pain compared 
to the patients without pain is likely the result of the presence of pain additionally to the 
effect of breast cancer treatment. Therefore we conclude that persistent pain after breast 
cancer treatment is associated with delayed (increased P260 latency) and enhanced 
(larger P260 amplitude) stimulus processing. 
Interestingly, Karl et al. [30], using an oddball paradigm, compared the visual P3 amplitude 
between upper limb amputees with and without persistent pain and healthy volunteers. 
Patients with pain showed significantly higher P3 amplitudes than patients without pain, 
but neither group were statistically different from the healthy volunteers. The latter result 
could be due to the small sample sizes (patients with pain N= 5, patients without pain N=5 
and healthy volunteers N=10). However, the ERP findings observed in the study of Karl et 
al. appear to involve later ERP activity (between 300-500 ms) than in our study (between 
250-310 ms). Possible explanations for the fact that in the two studies different ERP 
activities are affected are type of stimulus and paradigm used. 
4.4.3 Methodological considerations 
4.4.3.1 Defining (late) ERP components 
The positivity around 260 ms (i.e. P260) shares the same time course and topographic 
distribution as the previously described SP5 component (233-277 ms) evoked after painful 
electrical stimulation [31]. This ERP component seems to overlap with the more later 
positivity SP6 or pain related P2. 
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The positivity around 350 ms, labeled as P350, might be the pain related P2 evoked after 
painful electrical stimulation [31,32] By comparing laser stimulation with electrical sural 
nerve stimulation Dowman showed that this P2, evoked after painful stimulation, has 
similar properties as the commonly described P2, associated with selective Α-delta fiber 
activation, and evoked after painful laser stimulation [33,34,35,36] However, Mouraux et 
al recently compared electrical intra-epidermal, electrical non-nociceptive transcutaneous 
and laser stimulation for their selectivity in generating Α-delta fiber associated evoked 
brain responses [35] They showed that only laser and low intensity electrical mtra-
epidermal stimulation are able to evoke Α-delta associated evoked brain responses 
Additionally, they showed that intra-epidermal stimulation loses its selectivity with 
increasing stimulus intensity, something that occurred above intensities of 2 5 mA [35] In 
the present study we used transcutaneous electrical stimulation with stimulation 
intensities around 3 0 mA, which tends to argue against the possibility that we selectively 
evoked Α-delta associated brain responses 
Alternatively, the P350 could be a P3a-like component [31,37, see also ref 38 for review 
of P3 literature] This hypothesis can be supported by the fact that 1) a 'single stimulus' 
paradigm, as used in the present study, m which only target but no standard stimuli are 
delivered with long, variable and random ISI's is able to evoke a P3a-like component 
[39,40], also after painful electrical stimulation [31], 2) this positivity shares the same 
generators in the brain as the classic P3a, as is demonstrated via mtracramally-recorded 
cortical responses evoked after painful electrical stimulation These generators include the 
dorsolateral and medial prefrontal cortices, temporal-parietal junction and posterior 
hippocampus [37] 
4 4 3 2 Area of stimulation 
In the present study the painful stimuli were applied to a body part somatopically remote 
from the initially injured or painful area We choose to do this because we wished to 
investigate cortical changes in pain processing (which one would expect to be 
generalized), for this we need to stimulate in an area remote from the spinal segment 
undergoing nociceptive input due to breast cancer treatment Our study therefore reflects 
only generalized but not localized effects of surgery or radiation therapy 
4 4 3 3 Sample size 
An important methodological limitation of this study is the small sample size This was the 
result of our opting for more strict inclusion and exclusion criteria (to avoid confounding 
factors) but has the advantage that the resulting patient groups are very homogenous 
Nevertheless, the ERP effects observed m the present study should be confirmed m a new 
future study with larger sample sizes 
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4.4.4 Conclusions 
This observational study shows that the two conditions, i.e. treatment and persistent pain 
have opposite effects regarding cortical responsiveness. Breast cancer treatment is 
associated with a speeding of and a tendency to a less intense stimulus processing. 
Persistent pain after breast cancer treatment is associated with delayed and enhanced 
stimulus processing. To our knowledge this is the first study to investigate cortical 
processing by means of EEG and with this kind of stimuli in this group of patients. 
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The awake human electroencephalogram measured at rest is typically dominated by 8-12 
Hz (i.e alpha) frequency oscillations, which are most prominent on the paneto-occipital 
cortical region and are largest when the eyes are closed The aim of this study was to 
investigate whether patients with persistent postsurgical pain after breast cancer surgery 
(N = 8), as compared to patients without pain (N= 11), show alterations in these dominant 
alpha oscillations at rest and in response to painful transcutaneous electrical (double 
pulse) stimulation. The painful stimuli were applied to the calf. In comparison to patients 
without pain, patients with persistent postsurgical pain exhibited. 1) enhanced and slowed 
dominant alpha activity at resting state and 2) more alpha suppression (i.e event-related 
desynchromzation, ERD) after painful stimulation 
Perspective: The EEG m patients with persistent pain after breast cancer surgery has more 
resting state alpha activity and more pam-mduced alpha suppression compared to 
patients without pain. Because alpha is closely related to attention, we hypothesize that 




The awake human electroencephalogram measured at rest is typically dominated by 
oscillatory activity in the 8-12 Hz (i.e. alpha) frequency range. These alpha oscillations are 
prominent on the parieto-occipital cortical region and are largest when the eyes are 
closed [21,8]. At present three different hypotheses have been postulated regarding the 
meaning of alpha band activity. The first hypothesis is based on alpha observed at rest and 
proposes that alpha oscillations reflect 'cortical idling' [25]. The second hypothesis relates 
alpha band activity to active processing or maintaining of representations in the working 
memory during cognitive tasks [23], while the third hypothesis relates alpha to active 
inhibition of regions that are not required for the cognitive task [9,16]. 
When subjects are stimulated with a brief painful stimulus a suppression of these alpha 
oscillations after stimulus onset is typically observed [18]. This alpha suppression (or 
amplitude attenuation) is also termed event-related desynchronization (ERD)[26]. Ploner 
et al. [27] observed a suppression of alpha activity after the application of a brief painful 
stimulus in healthy volunteers. The authors compared this pain-induced ERD with ERD as a 
result of non-painful tactile stimulation. After tactile stimulation ERD was observed in the 
contralateral somatosensory cortex, while after painful stimulation ERD was also visible in 
the ipsilateral somatosensory and parieto-occipital cortices. Thus, painful stimulation 
recruits more cortical areas for ERD than tactile stimulation. This finding of more 
widespread cortical ERD after painful stimulation than after tactile might be a 
consequence of the alerting function of pain. To date ERD after painful stimulation has not 
been studied in patients with persistent or chronic pain. 
There is evidence that the awake EEG, measured at rest, of patients with neurogenic pain 
is different than that of healthy control subjects. Thus, Sarnthein et al. [29] demonstrated 
that patients with chronic neurogenic pain show an increased but slowed dominant alpha 
power. Also Schulman et al. [30], Boord et al. [4] as well as Wydenkeller et al. [33] 
observed slowed dominant alpha frequency in patients with neuropathic pain compared 
to patients with no pain. 
In the study of persistent pain, the postoperative model has some important advantages. 
Firstly, a substantial number of surgical interventions are associated with a high risk of 
developing persistent postsurgical pain [13]. Secondly, the model has the important 
advantage of permitting study of a homogenous patient population regarding pain 
etiology, pain distribution and treatment. Thirdly, this approach makes it possible to 
selectively investigate the net effect of pain because a comparative patient group (same 
treatment but no pain) can be included for comparison. 
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Women with persistent pain after breast cancer surgery represent such an interesting 
group of patients for the study of persistent postsurgical pain. Women who undergo 
surgery for breast cancer have a high risk for developing persistent postsurgical pain [13]. 
Although the origin of their persistent pain continuous to be poorly understood, it is 
postulated that damage to the peripheral nervous system induced by the surgical 
procedure (i.e. mastectomy or lumpectomy and axillary lymph node dissection (ALND)) is 
probably the most important cause of this pain [11]. However, there are significant 
numbers of patients who also undergo this surgical treatment but do not exhibit 
persistent pain despite the demonstrable presence of nerve damage. 
The aim of this study was to investigate whether, in comparison to patients that also 
underwent breast cancer surgery but do not have pain, patients with persistent 
postsurgical pain after breast cancer surgery show 1) enhanced and slowed 8-12 Hz alpha 
activity in their resting state EEG observed on the parieto-occipital cortex and 2) a 
changed alpha suppression (ERD) in this same area after painful transcutaneous electrical 
(double pulse) stimulation. 
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5.2 Materials and Methods 
5.2.1 Participants 
This paper is based on the dataset of a patient group whose primary analysis (evoked 
potentials) has already been submitted for publication. The present work presents a novel 
analysis of a subject subset using approaches to the spontaneous and event-related EEG 
which have not been published to date. The study comprised nineteen patients (8 women 
with persistent pain and 11 without pain) who were treated for breast cancer and 
recruited from a clinical database of the Radboud University Nijmegen Medical Centre. 
Patients with pain were included if they considered themselves to have pain as a result of 
their treatment (yes or no). Persistent pain was defined as pain persisting continuously or 
intermittently for more than 3 months after surgery [10]. 
At the moment of inclusion none of the patients had evidence of metastases or disease 
recurrence. All patients (with and without pain) had been operated > 1 year ago at the 
time of participating. Patients all underwent a mastectomy or lumpectomy and axillary 
lymph node dissection (ALND), but no breast reconstruction. Only patients who had 
unilateral breast cancer were included. Patients were excluded from the study if they: 
1) underwent breast reconstruction 
2) had a psychiatric or neurological condition (neurological signs as a result of the 
anticancer treatment excepted). 
3) used pain medication or other medication that potentially affects brain 
processing like anti-depressants, anti-psychotics, anti-epileptics and 
benzodiazepines (hormone therapy excepted), 
4) suffered from any pre-existing pain or pain syndrome. 
Subjects were instructed not to consume caffeine-containing beverages for twelve hours 
before the recording session to avoid the caffeine-induced theta decrease in EEG [17]. 
Approval for the study was obtained from the medical and ethical review board, 
Committee Region Arnhem-Nijmegen, Nijmegen, The Netherlands (NL 30189.091.09). All 
patients signed an informed consent form. 
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5.2.2 Variables measured 
5.2.2.1 Demographic and clinical characteristics 
Allocation to the two breast cancer surgery groups (with and without pain) was based on a 
standardized question obtained via telephone interview, i.e. whether the patient 
experienced ongoing pain (yes or no) as a result of the breast cancer treatment. For 
confirmation, the same question was asked again on the day of measurement, together 
with an additional standardized question (only if the patient experienced pain) regarding 
pain intensity as a measure of past experienced pain load {'What is the averaged intensity 
of your breast treatment-related pain during the last three months on a numeric 0-10 
rating scale?'). Other demographic and clinical characteristics that were obtained include: 
age, menopausal status, surgical treatment, and chemo-, radiation-, or hormone therapy. 
5.2.2.2 Painful stimulation 
Subjects received painful stimulation on the calf, between the medial and lateral head of 
the gastrocnemius, using a concentric electrode (CE) [12]. This electrode consists of a 
central metal cathode (diameter: 0.5 mm), an isolation insert (diameter: 5 mm), and an 
external anode ring (diameter: 6 mm) providing a stimulation area of 19.6 mm . Because 
of its concentric design and small anode-cathode distance this stimulating electrode 
produces a high current density at relatively low current intensities. In this way 
depolarization preferentially affects the superficial layer of the dermis (containing 
nociceptive Α-delta fibers), with less recruitment of deeper lying non-nociceptive fibers. 
Stimulation with this electrode produces a pinprick-like painful sensation. Recently, de 
Tommaso et al. compared this concentric electrode with laser stimulation [6]. They 
concluded that the cortical responses of both laser and transcutaneous electric 
stimulation are similar in amplitude and topography. However, transcutaneous electrical 
stimulation in comparison with laser is not Α-delta selective but also includes Α-beta fiber 
co-activation. The stimulated site was balanced across patients regarding affected side. 
The stimulation protocol consisted of 20 double pulses (monopolar square wave; duration 
0.5 milliseconds (ms) and double-pulse interval 5 ms) with a random inter-pair interval 
ranging from 7 to 10 seconds. The double pulses were delivered through the concentric 
electrode using a constant current stimulator (Twister®, Dr. Langer Medical GmbH, 
Germany) and with an intensity of 150% of the individual pain threshold. This individual 
pain threshold was determined by an ascending sequence of increasing current intensities 
starting from 0 milliampere (mA) and in steps of 0.5 mA. The procedure stopped when the 
pain threshold was achieved, as verbally reported by the subjects. This threshold 
determination protocol was performed twice and the mean was used in the experiment. 
During stimulation, subjects were comfortably seated in a chair and were instructed to 
passively perceive the stimuli with eyes closed, without making any movements. 
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A computer display was placed in front of the subject (0.5 m) together with a computer 
mouse. The display was used to display the visual analogue scale (VAS; see further), 
preceded by a tone (65 dB). This tone was presented 1.5 seconds after the electrical 
stimulus. Participants were instructed to open their eyes after the tone and use the mouse 
to mark the VAS, after which they closed their eyes again. The VAS was used to quantify 
the amount of pain as a result of the painful stimulation. The VAS ranged from 0 cm = "no 
pain" to 10 cm = "unbearable pain" and was rated by the subject by moving the mouse 
pointer (vertical line) on a horizontal bar. At random times within a train of 5 double 
pulses, the subject was asked to rate the VAS of the last received stimulus. 
5.2.2.3 Electrophysiological measures 
A multi-channel electroencephalogram (EEG) (BrainVision, Brain Products GmbH, 
Waldkirch, Germany) was recorded during the experiment (band-pass 0.1-100 Hertz (Hz), 
sample frequency 2000 Hz) with 64 active electrodes mounted in an elastic electrode-cap. 
The electrodes were arranged according to the international 10-20 system and electrode 
CPz was used as common reference. Eye movements were detected by horizontal and 
vertical electrooculogram (EOG) recordings. Horizontal EOG was measured from the outer 
canthus of the left eye, and vertical EOG supra orbital to the left eye. Impedance was kept 
under 20 kO for all leads. 
5.2.3 Procedure 
At the beginning of the experiment demographic and clinical characteristics were 
collected. Next, the resting state EEG was recorded for 1 minute. Subjects were asked to 
sit as still as possible (without making any movements) and with their eyes closed. The 
recording of resting state EEG was followed by determination of the individual pinprick-
like pain thresholds for the double pulse stimulation. Finally, subjects received the 
experimental painful stimulation with simultaneous recording of the EEG. 
5.2.4 Signal analysis 
The software Brain Vision Analyzer v. 1.05 and Matlab v. 2007b was used for signal 
analysis. Data analysis and data collection were performed by different persons. 
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5 24 1 Resting state EEG 
The resting state EEG (electrode POz) was analyzed by using the Fast Fourier 
Transformation (FFT) This analysis transforms the data from the time domain into the 
frequency domain As a result it generates a spectrum plot that shows the average 
magnitude of the EEG signal as a function of frequency for the entire analyzed time 
period As preprocessing steps the resting state EEG was first down-sampled to 500 Hertz 
(Hz) and filtered between 1 and 30 Hz After that the EEG was segmented into epochs of 
1 1 seconds, this window was (retrospectively) chosen to be of the same length as for the 
event-related EEG (see 5 2 4 2) m order to be able to compare the two Bad segments 
containing ocular artifacts were corrected using the Gratton-Coles method [7] Segments 
were also inspected for other artifacts like muscle or jaw and line noise activity and were 
removed if necessary None of the epochs were rejected because of artifacts After these 
preprocessing steps, the FFT was performed (10 % overlapping Manning window, 
resolution, 0 1 Hz) Epochs were averaged across trials to compute a subject-specific 
spectrum plot For comparison between the two groups a median spectrum plot was 
computed across subjects The mean alpha (8-12 Hz) band activity was calculated for each 
subject as well as the individual peak frequency and used for statistical comparison 
between the groups The individual peak frequency was calculated according to the center 
of gravity method, proposed by Klimesch et al [14] and Neuper et al [20] This method 
uses the following equation IAF (individual alpha frequency) = Σ (af χ f) / lai 
where, 
af = amplitude of frequency f 
f = frequencies within the 8-12 Hz 
5 2 4 2 Event-related EEG 
The Continuous Wavelet Transformation (CWT) was used to define the most reactive 
frequency bands as well as the onset and duration of the ERD This analysis decomposes 
the EEG signal into magnitude (ι e maximum height of the peak amplitude with respect to 
x-axis) and phase information for each frequency present in the EEG and at each given 
time-point with respect to stimulus onset For decomposition the Morlet wavelet, a 
Gaussian-windowed segment comprising several cycles (ι e sinusoidal waves) was used 
The CWT yields a time-frequency representation (TFR) showing magnitude as a function of 
time (seconds) and frequency (Hertz) For a more technical and detailed description of the 
CWT method see references [18] and [28] 
Before the wavelet analysis the EEG (electrode POz) was down-sampled to 500 Hertz (Hz) 
and filtered between 1 and 30 Hz After that the EEG was segmented, based on stimulus 
onset, into -15 s pre stimulus to 2 5 s post stimulus with a total period of 4 s Bad 
segments containing ocular artifacts were corrected using the Gratton-Coles method [7] 
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Segments were also inspected for other artifacts like muscle or jaw and line noise activity 
and were removed if necessary. In total 1.8 % of the epochs were rejected because of 
artifacts. Then the CWT was applied to each single trial (segment) and subsequently 
averaged across trials [18,32]. For the CWT a number of 60 frequency steps were used and 
a Morlet parameter c of 7, this parameter determines the width of the wavelets in 
number of cycles. As output absolute values were calculated. 
To express changes of magnitude (decreases, in the case of ERD) relative to baseline, a 
baseline correction was performed (-1.2 - -0.3 s) separately for each frequency. At lower 
frequencies the wavelet function can be spread in the time-domain. In order to reduce 
this participation of post-stimulus activity in the baseline interval, the period -0.3 to 0 sec, 
was not included in the reference interval [18,19]. Time-points at the beginning of the 
baseline (-1.5 - -1.2 s) were also excluded for the reference interval, because of boundary 
or edge effects induced by the CWT [1]. 
For each group a median TFR was computed across subjects (fig. 2A). To express 
differences between the two groups another TFR was computed by subtracting the TFR of 
both groups (pain - without pain) (fig. 2B and C). Based on this difference ERD is present 
between 8-12 Hz en 0.4 -1.5 milliseconds post-stimulation. 
Subsequently, an FFT (10 % overlapping Manning window; resolution, 0.1 Hz) was applied 
to the identified interval (0.4 -1.5 s) post stimulus as well as to a (-1.1 - 0 s) pre stimulus 
period, both equal in length. A FFT was used, because its statistical analysis is more 
straightforward than that of the wavelet decomposition, to statistically test the difference 
in alpha band activity between pre and post stimulus. For statistical comparison, the mean 
alpha (8-12 Hz) activity was calculated for both time periods (pre and post) and both 
groups (with and without pain). 
5.2.5 Statistical analysis 
For statistical analysis the software SPSS v. 16.0 was used. 
Because of the small sample sizes and non-Gaussian distributions, non-parametric test 
statistics were used. For testing between-group comparisons the Mann-Whitney U test 
was used. The effect size (r), a measure of the strength of the relationship between two 
variables, was calculated for between-group differences. The effect size r was calculated 
as the Z-score divided by the square root of the total number of observations. Categorical 
variables were tested using the Chi-squared (χ2) test statistic (p < .05). As a measure of 
effect size Cramers V (further abbreviated as V) was calculated. 
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5.3 Results 
5.3.1 Clinical and demographical characteristics 
Patients characteristics are shown in table 1. 
No statistically significant differences were observed between the two groups with respect 
to age, menopausal status and limb volume differences (table 1). No significant 
associations were observed between the two patient groups regarding the type of surgical 
intervention (MAST + ALND or LUMP + ALND) and incidences of adjuvant therapies 
(chemo-, radiation- or hormone therapy), (table 1). 
















































































Abbreviations: MAST = mastectomy, LUMP = lumpectomy, ALND = axillary lymph node dissection, TAC 
docetaxal (Taxotere*) + doxorubicin (Adriamycin®) + cyclophosphamide , FEC = fluorouracil + epurobicin 
cyclophosphamide, ARI = Arimidex", TAM = Tamoxifen 
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5.3.2 Stimulation intensity 
No statistically significant differences were observed between the two groups regarding 
the applied stimulation intensities for noxious stimulation. Median (and inter-quartile 
ranges) stimulation intensities were: patients without pain 3.3 (3.0 - 3.7) mA, patients 
with pain 3.9 (2.7- 4.7) mA. 
5.3.3 Behavioral tests 
No statistically significant differences were observed between the two groups regarding 
the VAS-scores obtained during the noxious stimulation. Median (and inter-quartile 
ranges) VAS-scores were: patients without pain 3.0 (2.4 - 5.9) cm, patients with pain 2.5 
(1.6-4.2) cm. 
5.3.4 Electrophysiological measurements 
5.3.4.1 Resting state EEG 
The results of the spectral analysis are shown in figure 1. A statistically significant 
difference in (8-12 Hz) alpha activity was observed between the two groups (U = 18.5, ρ = 
.017, r = -.48, one-sided). Median (and inter-quartile ranges) alpha amplitudes were: 
patients without pain 0.092 (0.046 - 0.164) mV, patients with pain 0.231 (0.134 - 0.299) 
mV (fig. 1 A and B). Moreover there was also a significant difference between the two 
groups regarding dominant alpha peak frequency (U = 19.5, ρ = .022, r = -.46, one-sided). 
Median (and inter-quartile ranges) dominant alpha peak frequencies were: patients 
































Figure 1. Spectral analysis (FFT) of the resting state EEG observed in the parieto-occipital brain area. A) Median 
amplitude (mV) for each frequency bin (resolution 0.1 Hz) for patients with and without pain. B) Median (and 
inter-quartile ranges) individual 8-12 Hz alpha band activity for patients with and without pain. C) Median (and 
inter-quartile ranges) alpha peak frequency for patients with and without pain. * =p <.05. 
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5.3.4.2 Event-related desynchronization 
Based on the differences in resting state EEG found between the two groups as 
summarized in 3.4.1, we calculated difference-scores (post-pre) of the FFT results to 
correct the amount of ERD for these pre stimulus baseline differences. A statistically 
significant difference in difference-score of the (8-12 Hz) alpha activity is observed 
between the two groups (U = 17.0, ρ = .026, r = -.51) (Fig. 2 D). Median (and inter-quartile 
ranges) ERDs were: patients without pain -0.008 (-0.023 - 0.002) mV, patients with pain -
0.026 (-0.051 - -0.014) mV. 
A 
With pain Without pain 
-LS -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 
Time (sec) Time (sec) 
Β 
Difference (pain - without pain) 
Time (sec) 
Figure 2. Pain-induced alpha suppression (i.e. ERD) observed in the parieto-occipital brain area. A) Time-
frequency representations (TFR) of both groups (with and without pain). The TFR shows increases (coded in red) 
and decreases (coded in blue) of the magnitude (ΔΜ) relative to a pre stimulus reference period (-1.2 - -0.3 s). 
Time-point 0.0 (dotted black line) represents stimulus onset. Note that exactly 1.5 s after stimulus onset the 
warning tone and VAS are presented to the subject. The black rectangle shows the region of interest, based on 
the difference depicted in Β and C. B) TFR of the difference between patients with and without pain. The 
difference in ERD between the two groups is constraint by the 8-12 Hz and 0.4 -1.5 s post stimulus time period 
(black rectangle). Time-point 0.0 represents stimulus onset. 
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Figure 2. C) Onset and duration of the difference/ERD between the two groups (with and without pain). Shown is 
the magnitude of the averaged 8-12 Hz signal as a function of time. Time-point 0.0 represents stimulus onset. 
The grey rectangle in the post stimulus period (0.4 -1.5 s) shows the period in which the magnitude between the 
two groups (with and without pain) are different. D) Pain-induced ERD corrected for pre-stimulus baseline 
differences. Shown are the medians (and inter-quartile ranges) of ERD calculated as post-pre alpha power 
computed with FFT. * = ρ <.05. 
5.3.4.3 Correlations 
A statistically significant correlation (r = -.53, ρ = .018) was observed between the mean 8-
12 Hz alpha peak observed in the resting state EEG and the amount of pain induced event-
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Figure 3. Correlation between the mean 8-12 Hz alpha peak observed in the resting state EEG (data from figure 
IB) and the amount of pain induced ERD (data from Figure 2D). 
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5.4 Discussion 
This study has shown that patients with persistent pain show enhanced alpha oscillations 
as well as a shift of the dominant peak frequency towards lower alpha frequencies in their 
resting state EEG as compared to patients without pain. Furthermore, patients with pain 
show more alpha suppression (ERD) 0.4-1.5 seconds after painful stimulation than 
patients without pain. 
5.4.1 What might be the role of alpha oscillations? 
The functional role of (posterior) alpha oscillations is still under debate [9,23]. For a long 
time the 'cortical idling hypothesis' dominated the literature [25]. This hypothesis is based 
on the observation that alpha band activity increases when subjects are awake but not 
engaged in a task. However, this hypothesis has been challenged by working memory 
studies. Alpha activity is found to be increased in the retention interval during a working 
memory task [9,23]. This alpha increase observed during the engagement of a task would 
argue against the idea of an idling mechanism. Recently two alternative hypotheses 
regarding the role of alpha have been postulated. The first is the 'alpha representation 
hypothesis' which suggests an active role for alpha in processing and maintaining 
information in working memory [23]. The second is the 'alpha inhibition hypothesis' which 
postulates an active role for alpha in the inhibition of regions not required for the task 
under study [9,16], Although there seems to be evidence for both hypotheses, supporting 
evidence from recent studies tends to favor the alpha inhibition hypothesis [9]. 
5.4.2 Altered resting state alpha activity and persistent pain 
In comparison to patients without pain, our patients with persistent pain showed 
enhanced alpha oscillations as well as a slowed dominant peak frequency of these 
oscillations in their resting state EEG observed from the parieto-occipital cortex. These 
enhanced and slowed dominant alpha oscillations at rest were also observed by other 
studies in patients with persistent neurogenic pain [4,29,30,33]. 
Assuming that the 'alpha inhibition hypothesis' is true, these enhanced posterior cortical 
alpha oscillations likely reflect inhibition of a cortical area not required for the task. The 
key question here is: what task? The measurement of resting state EEG is performed 
without giving the subject any external task, only the instruction to keep the eyes closed 
and sit as still as possible without making any movements. 
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A possible consequence of closing the eyes, without any further task, is that the subjects' 
attention is directed more internally. 
The relationship between internally vs. externally directed attention and alpha oscillations 
has been investigated previously by Cooper et al. using mental imagery and external 
sensory stimulating tasks [5]. They found that in comparison to externally directed 
attention, internally directed attention was accompanied by larger alpha oscillations 
present on posterior brain regions. Therefore, a plausible hypothesis could be that 
patients with persistent pain show more internally directed attention, possibly triggered 
by endogenous input, i.e. their pain. As a consequence of more internally directed 
attention to their pain, the posterior brain region is more disengaged and thus will show 
more alpha. 
This hypothesis, i.e. of more (internal) attentiveness, is also supported by a study of 
Spencer and Polich who showed that if task-related attentional demands increase, alpha 
frequency (9.5-12.5 Hz) slows [31]. Furthermore, Klimesch showed that attention typically 
modulates the lower alpha band activity (8-10 Hz) [15]. 
Taken together, we hypothesize that the enhanced and slowed alpha activity observed on 
the parieto-occipital cortex during resting state in patients with persistent pain is a 
correlate of enhanced internally directed attention, towards their ongoing persistent pain. 
5.4.3 Pain-induced alpha suppression (ERD) and persistent pain 
More support for the relation between alpha and attention is provided by a study of 
Ohara et al. [22]. The authors measured the electrocorticogram (ECoG) in two different 
conditions; distraction from the hand that was painfully stimulated and attention to the 
hand. They observed more intense and widespread alpha suppression (i.e. event-related 
desynchronization, ERD) in SI, SII and parasylvian areas of the contralateral hemisphere in 
the attended condition compared to the distraction condition. This demonstrates that 
attention to a painful stimulus induces alpha suppression in task-relevant cortical areas. In 
line with the 'alpha inhibition hypothesis', alpha suppression reflects a release of inhibition 
with as consequence an increase of processing capabilities in these areas. The link 
between ERD and increased processing capabilities has also been suggested by 
Pfurtscheller [24] who relates ERD to cortical activation. Therefore we hypothesize that 
the larger ERD observed after painful stimulation in patients with persistent pain thus 
probably reflects a greater release of inhibition, resulting in increased processing 
capabilities, making patients with persistent pain more attentive to evoked pain than 
patients without persistent pain. 
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5.4.4 Relationship between spontaneous (baseline) alpha activity and stimulus 
induced alpha suppression (i.e. ERD) 
The patients with persistent pain show more alpha power (and a lower alpha frequency) 
at baseline and more pain induced alpha suppression in comparison with patients without 
pain. It has been shown that the level of pre stimulus alpha power modulates subsequent 
processing and conscious perception [2,9], For example, successful visual stimulus 
detection in comparison to unsuccessful visual stimulus detection was preceded by 
stronger low-band (6-10 Hz) alpha activity in parietal and occipital areas and resulted in 
more high band (10-12 Hz) alpha activity suppression in the same areas [2]. In the present 
study we found a correlation between baseline alpha activity and the amount of alpha 
suppression post stimulus. The stronger the baseline alpha power, the stronger its 
reduction after stimulus onset. Thus the level of pre stimulus alpha appears to modulate 
processing capabilities for upcoming processing. 
But why does the parieto-occipital cortex show higher alpha activity during resting state in 
the patients with persistent pain? As already hypothesized in paragraph 5.4.2 this is 
probably the consequence of the presence of spontaneous pain that attracts attention. It 
has been shown that spontaneous pain experienced by patients with chronic low back 
pain was closely related to activation restricted to the prefrontal areas [3]. This supports 
the idea that posterior brain regions, i.e. parieto-occipital cortex, are not involved in 
processing spontaneous pain and could explain, based on the alpha inhibition hypothesis, 
why these areas show higher alpha activity. 
In an fMRI study Baliki et al. showed that experimentally evoked thermally pain had a 
spatially different brain activation pattern, i.e. more widespread activation, than 
spontaneous pain [3]. This observation could explain our finding that the same cortical 
area, i.e. parieto-occipital cortex, that shows enhanced alpha activity at baseline, shows 
enhanced alpha suppression after experimentally evoked electrical pain. This alpha 
suppression might be a consequence of the alerting function of pain, reflected in an 
increase of processing capabilities. Thus, ERD in the parieto-occipital cortex after 
experimental pain stimulation would reflect an increase of processing capabilities as a 
result of the alerting function of pain. 
We hypothesize that as a result of the enhanced baseline attentional state in the patients 
with persistent pain, experimentally evoked pain stimuli are more strongly processed due 
to more processing capabilities manifested as more alpha suppression, i.e. event-related 
desynchronization. 
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5.4.5 Methodological considerations 
In the present study the noxious stimuli were applied to a body part somatopically remote 
from the initially injured or painful area. We choose to do this for two reasons: Firstly, we 
wished to investigate cortical changes in pain processing (which one would expect to be 
generalized); for this we need to stimulate in an area remote from the spinal segment 
undergoing nociceptive input due to breast cancer treatment. Secondly, we wished to 
avoid stimulating the affected arm as stipulated by our ethics committee. Our study 
therefore reflects only generalized but not localized effects of surgery or radiation 
therapy. 
An important methodological limitation of this study is the small sample size. This was the 
result of our opting for more strict inclusion and exclusion criteria (to avoid confounding 
factors) but has the advantage that the resulting patient groups are very homogenous. 
Both groups likely sustained nerve damage due to breast cancer treatment - but only one 
group showed persistent pain. This suggests that other factors must be contributing to the 
ultimate development of persistent pain. Our study design was not appropriate for 
demonstrating causes of persistent postsurgical pain because it was not prospective. It 
does however demonstrate that at resting state the two groups (pain vs. without pain) 
differ regarding brain activity. Furthermore cortical evoked stimulus processing is also 
different between the two groups. Whether this is cause or effect remains to be studied. 
5.4.6 Summary 
This study provides evidence that persistent pain after breast cancer treatment is 
associated with alterations in electrical brain activity, measured from the posterior cortex, 
and manifested as 1) enhanced and slowed alpha oscillations during resting state and 2) 
more alpha suppression (ERD) after painful stimulation. These results fits best with the 
'alpha inhibition hypothesis' which postulates that increases in alpha activity in a particular 
area are a reflection of inhibition ofthat area because it is not involved or required for the 
task. Alpha activity is modulated by, and probably involved in, attention. Therefore we 
hypothesize that the enhanced and slowed alpha activity observed on the posterior cortex 
during resting state in patients with persistent pain is a reflection of inhibition or 
disengagement of this area. This enhanced inhibition might served to facilitate internally 
directed attention to endogenous input, i.e. their persistent spontaneous pain. Moreover, 
the larger ERD after painful stimulation in patients with pain probably reflects a greater 
release of inhibition, which results in increased processing capabilities, making patients 
with persistent pain more alert to evoked pain than patients without persistent pain. 
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The apparent contradiction between enhanced alpha during resting state (spontaneous 
pain) and alpha attenuation after painful stimulation in the same area could be explained 
by evidence that experimental evoked pain is processed differently by the brain than 
spontaneous (clinical) pain [2], as discussed above. 
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A typical feature of acute postsurgical pain is increased pain sensitivity (ι e hyperalgesia) 
at the site of incision (homotopic) and in the surrounding undamaged (heterotopic) region 
[1,2,3,4] At present, the underlying mechanisms for heterotopic hyperalgesia are 
incompletely understood This form of hyperalgesia is particularly of interest because it 
involves a spread to uninjured tissues, a typical phenomenon accompanying persistent 
pain conditions [5] This spread to uninjured tissues suggests changes involving 
supraspinal or even (sub)cortical mechanisms, e g changes in descending inhibition or 
facilitation Indeed, there is increasing evidence that subcortical and cortical structures are 
able to modulate spinal cord nociceptive input and excitability via descending pathways 
[6,7,8] In this dissertation we aimed to 1) explore cortical sensory processing of stimuli 
applied in an area of heterotopic hyperalgesia induced by experimental nociception, ι e 
electric high frequency stimulation (HFS) and 2) explore cortical sensory processing of 
stimuli applied in an area that is unaffected by tissue damage in patients with and without 
persistent pain after surgical nociception 
6.2 Human surrogate model of postsurgical pain 
Klein et al [9] were the first to demonstrate that electric high frequency stimulation (HFS) 
of peptidergic C-fibers in human skin induces long-lasting homotopic and heterotopic 
hyperalgesia demonstrated by behavioural measures Although both types of hyperalgesia 
develop directly after HFS and have similar time courses, they have at least partially 
different underlying mechanisms (discussed m paragraph 1 2 4 of chapter 1 of this 
dissertation) 
The HFS induced heterotopic hyperalgesia is sensitive to mechanical punctate stimuli, 
reaches its maximum between 40 and 60 minutes after HFS, has a mean half life time 
between 3 0 and 5 0 h and was predicted to be fully recovered after 24 h [10] Recently, 
Pfau et al [11] demonstrated individual differences m the propensity to develop this long-
lasting heterotopic hyperalgesia after HFS They observed that roughly twenty percent of 
subjects showed a longer estimated time course to full disappearance (> 10 days) They 
interpreted this as suggesting that these subjects are 'susceptible' to developing longer-
lasting hyperalgesia, and hypothesized that this 'susceptibility' might play a role in the 
transition from acute to persistent hyperalgesia 
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In chapter 2 and 3 we also demonstrated an increased perceived intensity of mechanical 
punctate stimuli applied in the heterotopic area 30 minutes after HFS. Furthermore, in 
chapter 2 (HFS vs. control group) and 3 (stimulated vs. control arm) of this dissertation we 
aimed to measure potential cortical correlates of heterotopic hyperalgesia. Therefore we 
recorded the evoked brain response (i.e. event-related potentials) to stimuli applied in this 
area. By comparing the ERPs before and after HFS we observed an effect particularly on 
mid-latency components. The largest effect was seen in ERP activity around 100 ms (i.e. 
Nl), and it was larger on the stimulated arm compared to the control arm (chapter 3). 
Besides the N l effect we also observed a P2 effect. In comparison to baseline, P2 
averaged for both arms was increased after HFS. This suggests a more generalized P2 
effect in contrast to the lateralized N l effect. These ERP findings clearly show that after 
high frequency stimulation (HFS), the evoked brain response to painful stimuli applied in 
the area of heterotopic hyperalgesia is enhanced. 
In an MEG study, Maihöfner et al. [12] also measured the evoked brain response of pin-
prick stimuli applied in the area of heterotopic hyperalgesia, however, using mechanical 
stimuli instead of electrical, and a different conditioning protocol, consisting of stimuli 
delivered with 1 Hz for 25 min. Interestingly, the authors observed enhanced MEG activity 
between 80 and 120 ms after stimulus, which is similar to the latency window of the effect 
found after HFS in our studies. By using a dipole analysis, the authors showed that, within 
this latency window, multiple cortical sources show enhanced MEG activity, including 
secondary somatosensory cortex (contralateral and ipsilateral) and posterior parietal 
cortex [12]. 
6.3 Breast cancer surgery as a model for studying persistent 
postsurgical pain 
The postoperative model has the important advantage of permitting study of a 
homogenous patient population regarding pain aetiology, pain distribution and treatment. 
Furthermore this model makes it possible to differentiate between the effect of treatment 
and the effect of pain because a comparative patient group (same treatment but no pain) 
can be included for comparison. We have chosen the breast cancer surgery model 
because it has been shown that this type of surgery is associated with a high incidence 
(ranging between 25-60%) of developing persistent postsurgical pain [13]. 
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6.3.1 Breast cancer treatment 
6.3.1.1 Reduced sensitivity 
Patients who underwent breast cancer surgery often experience sensory disturbances in 
and surrounding the operated region. A frequently reported symptom is hypaesthesia or 
numbness (chapter 4). At present there are only two studies that clinically assessed, using 
quantitative sensory testing (QST), patients after breast cancer treatment [14,15]. Gottrup 
et al. [14] found that after breast cancer treatment patients showed reduced skin 
sensitivity to thermal and pinprick stimuli on the affected side close to surgery. Vilholm et 
al. [15] also observed reduced skin sensitivity to thermal stimulation on the operated side, 
close to surgery, in patients after breast cancer treatment. These studies show that breast 
cancer treatment can induce a reduced skin sensitivity of the affected body part close to 
surgery. However, Andersen et al. raised several methodological issues that hamper 
drawing a definitive conclusion from these studies [16]. Both studies used a 
heterogeneous population. Besides, the study of Gottrup et al. only included patients with 
sensory disturbances. In the study of Vilholm et al. the two groups (patients after breast 
cancer treatment with and without pain) differed regarding: 1) the amount of patients 
that underwent radiotherapy, which was more frequent in the control group, and 2) the 
site of measurement which was 2 to 5 cm proximal to the scar in the control group and at 
punctum maximum, either scar, chest wall, shoulder or axilla/arm in the pain group. 
6.3.1.2 Reduced cortical responsiveness 
Besides reduced skin sensitivity, breast cancer treatment also seems to affect brain 
processing. In chapter 4, we showed that cortical sensory (i.e. painful) processing in 
patients who received breast cancer treatment differed compared to healthy volunteers. 
Breast cancer treatment was associated with a speeding of (reduced latency), and a 
tendency towards less intense (lower amplitude) stimulus evaluation, as reflected in ERP 
activity between 250-310 ms (i.e. P260). Another study, performed by Kreukels et al. [17] 
also used ERPs to investigate the effect of chemotherapy on cortical sensory (i.e. auditory) 
processing in patients who underwent breast cancer treatment, including surgery and 
radiotherapy, with and without chemotherapy. In comparison to patients that did not 
receive chemotherapy, a reduced late (around 320 ms) ERP amplitude responsiveness was 
observed in the patients who did receive chemotherapy. Moreover, the authors also 
observed a chemotherapy-related reduced ERP latency. 
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These ERP findings, together with the ones we observed, suggest that chemotherapy 
changes cortical processing. Alternatively, the reduced cortical responsiveness could also 
be the consequence of deafferentation-related plasticity. Karl et al. [18] investigated 
cortical visual processing between patients with and without phantom limb pain and 
healthy volunteers. The authors observed a tendency to reduced late cortical 
responsiveness in the amputee patients without pain compared to the patients with pain. 
These amputee patients did not received chemotherapy, therefore the observed reduced 
cortical responsiveness in the patients without pain is likely the result of a yet undefined 
pathophysiological processes subsequent to amputation, e.g. de-afferentation. 
6.3.1.3 Impaired cognitive functioning 
Breast cancer treatment also seems to affect cognitive functioning. Studies show that 1 to 
2 years after breast cancer treatment patients show deviant test scores on 
neuropsychological tests dealing with attention-requiring tasks [19,20,21]. Even at the 
follow-up measurement after 4 years, patients still perform worse on neuropsychological 
tests (longer reaction times, more errors) in comparison to healthy volunteers [19]. 
Interestingly, Schagen et al. observed a negative correlation (-.57) between the P3 
amplitude and the total number of deviant tests [30]. The hypothesis that particular types 
of chemotherapy damages the central nervous system and affects cognitive function is 
also supported by other studies [22,23]. 
6.3.2 Persistent pain after breast cancer treatment 
As mentioned previously, breast cancer surgery is associated with a high incidence 
(ranging between 25-60%) of developing persistent postsurgical pain [13]. It is believed 
that one of the most important causes for the development of this persistent pain is 
peripheral nerve injury, e.g. induced by the surgical procedure [16,24,25]. But is there a 
simple relationship between nerve injury and persistent pain after breast cancer surgery? 
Studies have shown that avoiding the sectioning of major nerve trunks is not sufficient to 
prevent persistent pain after (breast cancer) surgery. On the other hand, other studies 
show that sectioning nerves does not always result in persistent pain (for details see ref. 
26). These findings suggest that other factors must be contributing to the ultimate 
development of persistent pain. 
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6.3.2.1 Increased sensitivity 
Patients who underwent breast cancer treatment and developed persistent pain show an 
opposite sensory profile to patients without pain. The two previously mentioned QST 
studies (paragraph 6.3.1.1) also showed that patients with pain show increased pain 
sensitivity (i.e. hyperalgesia) on the affected side [14,15]. Gottrup et al. [14] found that 
pressure pain thresholds on the affected side, close to surgery, were decreased in the pain 
group but not in the patients without pain. Moreover, repetitive mechanical punctate or 
pinprick stimulation around the scar produced increased evoked pain intensity in the 
patients with pain but not in the patients without pain. This latter finding was also 
observed by Vilholm et al. [15]. The enhanced perceived intensity to mechanical punctate 
stimulation applied in the area adjacent to the scar could be similar to the heterotopic 
hyperalgesia observed after HFS in healthy volunteers. 
6.3.2.2 Increased cortical responsiveness 
In chapter 4, we compared cortical sensory (i.e. painful) processing between patients with 
and without persistent pain after breast cancer treatment. We found that persistent pain 
is associated with delayed (increased P260 latency) and enhanced (larger P260 amplitude) 
stimulus evaluation. Interestingly, the observed ERP results mentioned here and in 
paragraph 6.3.1.2 demonstrate that the two conditions, i.e. treatment and persistent pain 
have opposite effects regarding cortical responsiveness. Given the area in which these 
patients were stimulated, e.g. distant from surgery, the effects likely involve alterations of 
processing on the level of the cortex rather than spinal cord or periphery. 
Similar results are observed by Karl et al. [18]. By using an oddball paradigm, they 
compared the visual P3 amplitude between upper limb amputees with and without 
persistent pain. They observed longer P3 latencies to target stimuli at frontal regions in 
patients with pain compared to patients without pain. Furthermore, amputees with pain 
had significantly higher P3 amplitudes on both standard and target stimuli compared to 
amputees without pain, which is congruent with our findings. These results demonstrate 
that pain affects late ERP activity, and that these effects seem to be not modality specific. 
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6.3.2.3 Altered resting state 
We also analyzed resting state (baseline) brain activity in patients with and without pain 
after breast cancer treatment (chapter 5). In normal conditions the EEG measured at rest 
is dominated by alpha oscillations present on the parieto-occipital cortex. Compared to 
patients without pain we observed enhanced and slowed alpha oscillations in the patients 
with persistent pain. These results demonstrate that already at baseline patients with pain 
after breast cancer treatment differ from patients without pain regarding brain activity. 
This is in agreement with the results of the group of Sarnthein et al. [27] who also showed 
enhanced and slowed dominant alpha oscillations at rest in patients with chronic 
neurogenic pain. 
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6.5 Linking the observed cortical plasticity to salience detection 
A variety of brain imaging studies (fMRI, PET, MEG, EEG) have demonstrated the 
involvement of the brain in processing painful or nociceptive stimuli. In particular PET and 
fMRI studies have shown that some brain structures are consistently activated by pain 
across studies. It appears that the activity of some of these brain structures is correlated 
to the perceived pain intensity. These observations have led to the conviction that these 
brain structures represent a 'pain matrix', i.e. a cortical network through which experience 
of pain is generated from nociceptive input. However, this interpretation needs to be 
expanded, because (presented by Legrain et al. [28] and recollected here); 1) the 
magnitude of the evoked brain response can be dissociated from the perceived pain 
intensity and 2) the responses of this 'pain matrix' are strongly influenced by the context 
within which the nociceptive or painful stimuli appear and 3) non-painful stimulation 
elicits a similar brain response regarding spatial configuration. Therefore Legrain et al. [28] 
propose an expanded interpretation, namely that the observed cortical network 
represents a saliency detection system. The term saliency refers to the physical 
distinctiveness of a stimulus among other surrounding stimuli. According to the authors 
this saliency detection mechanism is involved in detecting, orienting attention towards 
and reacting to the occurrence of salient sensory events, regardless of whether the input 
is nociceptive or non-nociceptive [28]. In this context, the function of this cortical network 
is to facilitate the processing of behaviorally significant (e.g. potentially threatening) 
sensory input and to select an appropriate response [28]. 
The cortical plasticity observed in our studies (chapter 2-5), is likely the result of structural 
and/or functional changes which are either reversible or irreversible. Importantly, they 
appeartoinvolve a cortical network which is proposed to be involved in saliency detection. 
Based on this, we can interpret the observed cortical plasticity within a framework that 
links the underlying brain mechanisms to a functional meaning. 
To start with the ERP effects observed after HFS in chapter 3, it is interesting to note that 
the Nl and P2 amplitude are not correlated to the perceived stimulus intensity (VAS), 
indicating that the perceived intensity is not reflected in these ERP activities. Moreover, 
the ERPs also do not reflect a change in stimulus intensity because this was kept constant 
during the whole experiment. Hence, given the area stimulated, one might postulate that 
this altered ERP activity after heterotopic hyperalgesia induction reflects a change in 
central processing consistent with augmented salient stimulus detection. 
Attention is a psychological construct that can be defined as a cognitive brain mechanism that enables one to 
process relevant inputs while ignoring irrelevant or distracting ones [29]. 
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Previously, it has been shown that there is a negative correlation between reduced ERP 
responsiveness (a positivity around 300 ms) and attention impairments in patients who 
received breast cancer treatment [30]. The lower the ERP responsiveness, the more errors 
patients make on attention requiring tasks. This finding suggests a relationship between 
this ERP activity and attention, which is again in agreement with the salience detection 
system. The ERP effects observed in our study are congruent with the ERP effects found in 
the study of Schagen et al. [30]. However the effects in the two studies involve a different 
latency. Nevertheless, the observed findings probably mean that patients who received 
breast cancer treatment have less attentional resources, thus hampering adequate 
stimulus evaluation. 
In contrast, the patients with pain show an enhanced ERP responsiveness. This enhanced 
responsiveness indicate that patients with persistent pain after breast cancer treatment 
evaluate stimuli more intensely, which suggests more attention to these stimuli. 
In this context there is an interesting study performed by Veldhuijzen et al. [31] in which 
they investigated attentional processing of visual stimuli in chronic pain patients 
compared to healthy, pain-free controls. In this study they made use of the attentional 
capacity probe task. In this task the level of task difficulty was manipulated by an easy and 
difficult condition by presenting visual task-irrelevant probe stimuli. Behaviorally, patients 
with pain showed faster reaction times and more errors compared to control subjects. 
Moreover, pain patients did not show a reduced ERP responsiveness at task irrelevant 
probe stimuli during increasing task load, as was the case in the control subjects. Based on 
these findings the authors hypothesize that it is not attentional capacity that is the 
problem in these patients, but rather allocation of attentional resources. 
It must be emphasized that there were many differences between our study and the study 
of Veldhuijzen et al. [31] regarding patient group, control group, stimulus, and paradigm. 
These differences make it difficult to compare the ERP observations between our study 
and the study of Veldhuijzen et al. However, the allocation problem hypothesis proposed 
by Veldhuijzen et al. suggests that patients have problems disengaging their attention 
from their pain. Our results described in chapter 5 could also support this hypothesis. 
In this study we investigated the EEG measured in rest (during eyes closed) between 
patients with and without pain after breast cancer treatment. We found that patients with 
pain showed enhanced and slowed alpha oscillations on the parieto-occipital cortex 
compared to patients without pain. Alpha oscillations are closely related to attentional 
processing, in that during attention these oscillations are attenuated in brain areas that 
are engaged in the task, but enhanced in areas that are not engaged in the task [32]. Alpha 
oscillations present on the parieto-occipital cortex are larger during eyes open compared 
to eyes closed. 
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This suggests that during the eyes closed condition the parieto-occipital cortex is less 
engaged. We hypothesize that the enhanced alpha observed in the patients with pain 
could be indicative of enhanced attentional processing and thus that patients with pain 
are more attentive than patients without pain. But attentive to what? A possible 
explanation could be that their attention is attracted to their pain, which could, as a 
consequence, result in a disengagement problem as already proposed by Veldhuijzen et 
al. 
6.6 Future research 
Questions that should be answered in further research are: 
1. Is it possible to increase the amount of heterotopic hyperalgesia induced after 
HFS via nocebo expectations? This would be evidence for the hypothesis that 
heterotopic hyperalgesia can be modulated by cortical mechanisms. 
2. Furthermore, it would be interesting to investigate in a prospective study how the 
cortical plasticity, accompanying persistent pain, develops in patients who 
received breast cancer treatment. 
3. In next studies involving patients with persistent pain, it would be interesting to 
actively manipulate the patients' attention (distraction vs. attention) to confirm 
that patients with pain show indeed more attention to incoming sensory stimuli. 
4. To what extent do these brain changes contribute to persistent pain conditions? 
Are these changes cause or consequence? 
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Summary main conclusions 
In this dissertation we used high frequency electrical stimulation (HFS) of the skin as a 
human experimental surrogate model of acute postoperative pain We have 
demonstrated that HFS induces a long-lasting increased perceived intensity of mechanical 
punctate stimuli applied in the surrounding non-stimulated skin Furthermore we 
demonstrated with electroencephalography (EEG) that electrical stimuli, applied m the 
same area as the mechanical stimuli, evoked enhanced cortical responses 
We further used breast cancer surgery as a clinical model for studying persistent 
postoperative pain Using the EEG we investigated how electrical painful stimuli were 
processed by the brain in patients who received breast cancer treatment and developed 
persistent pain and patients who did not 
Breast cancer treatment alone (ι e without pain) was associated with a speeding of, and a 
tendency to a reduced, late cortical stimulus processing In contrast, persistent pain after 
breast cancer treatment was associated with delayed and enhanced late cortical stimulus 
processing These results show that the two conditions, ι e treatment and persistent pain, 
have opposite effects regarding cortical responsiveness It is important to note that the 
patients were stimulated in an area far from the affected body part which would indicate 
that the observed changes m bram activity are a reflection of cortical plasticity We have 
also compared the spontaneous EEG between patients with and without persistent pain 
after breast cancer treatment We have shown that compared to patients without pain, 
patients with persistent pain show a slowed and enhanced dominant frequency in the 
spontaneous EEG This finding supports the hypothesis that persistent pain after breast 
cancer treatment is associated with an altered brain activity These changes are either 
cause or result of persistent pain 
The above described changes in brain activity (ι e after HFS and after breast cancer 
treatment) may also be functionally interpreted The brain acts as a 'sahency detection 
system', which means that it detects salient (e g potentially threatening) stimuli in our 
environment Salient stimuli are stimuli that are distinctive compared to the background 
and may require attention or a particular reaction of the organism The larger brain 
response after HFS and the larger brain response in patients with persistent pain after 
breast cancer treatment are likely reflections of enhanced saliency It is interesting to see 
that the time period in which the differences in brain activity occur differs between acute 
pain (ι e after HFS) and persistent pain (ι e after breast cancer treatment) 
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This dissertation shows that measuring EEG is a sensitive method for investigating 
neuroplasticity within the context of acute and persistent pain. This gives us the 
opportunity to gain insight into underlying brain mechanisms involved in the transition 
from acute to persistent pain. 
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Samenvatting belangrijkste conclusies 
In dit proefschrift gebruikten we hoog frequente elektrische stimulatie (HFS) van de huid 
als humaan experimenteel surrogaat model voor acute postoperatieve pijn We hebben 
aangetoond dat HFS een langdurige toegenomen intensiteit van mechanische 
puntvormige prikkels m het gebied rondom de hoog frequente stimulatie induceert 
Tevens hebben we met behulp van elektro-encefalografie (EEG) aangetoond dat na HFS 
elektrische prikkels, toegediend m hetzelfde gebied als de mechanische prikkels, een 
grotere hersenactiviteit opwekken 
Daarnaast gebruikten we borstkankerchirurgie als klinische model voor het bestuderen 
van aanhoudende postoperatieve pijn Met behulp van het EEG onderzochten we hoe 
elektrische pijnlijke prikkels verwerkt worden door de hersenen van patiënten die een 
borstkanker behandeling hebben ondergaan en van patiënten die na deze behandeling 
aanhoudende pijn hebben 
De behandeling van borstkanker (dus zonder aanhoudende pijn) lijkt samen te gaan met 
een snellere en - naar het neigt - minder intense late stimulus verwerking In tegenstelling, 
aanhoudende pijn na borstkanker behandeling lijkt samen te gaan met een juist 
vertraagde en versterkte late stimulus verwerking Deze resultaten suggereren dat beide 
condities, borstkanker behandeling (zonder aanhoudende pijn) en aanhoudende pijn na 
borstkanker behandeling, tegenovergestelde effecten hebben op de responsiviteit van het 
brem Belangrijk om te vermelden is dat de patiënten werden gestimuleerd m een gebied 
ver van het aangedane lichaamsdeel wat er mogelijk op wijst dat de veranderingen in de 
geobserveerde hersenactiviteit mogelijk het gevolg zijn van veranderingen in het brein 
Ook hebben we het spontane EEG vergeleken tussen patiënten met en zonder 
aanhoudende pijn na borstkanker behandeling We hebben aangetoond dat vergeleken 
met patiënten zonder pijn, patiënten met aanhoudende pijn een tragere dominante 
frequentie en tevens grotere amplitude in het spontane EEG laten zien Deze bevinding 
ondersteund de hypothese dat aanhoudende pijn na borstkanker behandeling samengaat 
met veranderingen in het brem Deze veranderingen kunnen oorzaak of gevolg zijn van de 
aanhoudende pijn 
De bovengenoemde veranderingen in hersenactiviteit (geobserveerd na HFS of na 
borstkanker behandeling) kunnen ook functioneel worden geïnterpreteerd Het brem 
fungeert als een 'saliency detection system', wat inhoud dat het brem saillante 
(bijvoorbeeld potentieel gevaarlijke) stimuli m onze omgeving detecteert Saillante stimuli 
zijn stimuli die onderscheidend zijn ten opzichte van de achtergrond en mogelijk extra 
aandacht of een bepaalde reactie eisen 
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De grotere hersenactiviteit na HFS en in patiënten met aanhoudende pijn na borstkanker 
behandeling is mogelijk een uiting van een grotere stimulus saliency. Vervolgens is het 
interessant om te zien dat de tijdsperioden waarin de verschillen in hersenactiviteit 
optreden verschilt tussen de twee condities (na HFS en na borstkanker behandeling met 
aanhoudende pijn). 
Dit proefschrift laat zien dat het meten van EEG een gevoelige methode is voor het meten 
van neuroplasticiteit binnen de context van acute en aanhoudende pijn. Dit geeft ons de 
mogelijkheid om inzicht te krijgen in de mechanismen van het brein die een rol spelen bij 
de overgang van acute naar aanhoudende pijn. 
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